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Abstract 8 

The widespread application of Zinc Oxide Nanoparticles (ZnO NPs) in industrial and medical 9 

products necessitates a rigorous understanding of bacterial adaptive trajectories under sustained 10 

exposure to nanomaterials. In this study, we employed experimental evolution, quantitative 11 

proteomics and whole-genome sequencing to investigate the long-term response of 12 

Staphylococcus aureus to subinhibitory concentrations of ZnO NPs. Serial passaging in the 13 

presence of 500 µg/ml ZnO NPs for 14 passages progressively enriched Small Colony Variants 14 

(SCVs), which exceeded 95% of the population by passage 10 and became dominant by passage 15 

12; the phenotype remained stable after removal of ZnO NPs. Compared with the parental strain, 16 

the evolved SCV exhibited approximately fourfold increase in generation time, increased cell 17 

diameter (535 versus 390 nm) and cell-wall thickness (44 versus 29 nm), reduced susceptibility 18 

to ZnO NPs with about 68% killing compared to 99.9% killing, and increased adherence to A549 19 

cells (75.45 versus 54.72%). Whole-genome sequencing identified nonsynonymous mutations in 20 

mprF, rpsE, gyrA, comEB, and yqeH, and revealed loss of an approximately 19 kb plasmid 21 

carrying blaZ and its regulatory genes. Remarkably, despite loss of this plasmid, β-lactam 22 

resistance increased markedly, with penicillin G and ampicillin MICs increasing from 32 to 512 23 

μg/ml and from 64 to 1024 μg/ml, respectively. These findings show that continuous ZnO NP 24 
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exposure can select for a stable SCV phenotype accompanied by metabolic and structural 25 

remodelling and altered antibiotic susceptibility, highlighting an evolutionary consideration for the 26 

prolonged use of ZnO NP based antimicrobial materials.   27 

Introduction 28 

The rapid global emergence of antimicrobial resistance (AMR) is dismantling the efficacy of 29 

antibiotic pharmacopoeia, pushing clinical medicine towards a precarious post-antibiotic era, a 30 

critical challenge to public health. This situation has created an urgent need for innovative 31 

alternative interventions.1,2 Among these alternatives, metal-based nanoparticles have emerged 32 

at the forefront of nanomedicine, as they offer a poly-pharmacological approach due to their 33 

effective broad-spectrum antimicrobial activity and multi-modal mechanisms of action3. In 34 

particular, zinc oxide nanoparticles (ZnO NPs) are widely deployed in advanced biomedical 35 

applications, such as wound dressings4, medical device coatings5, and disinfectant surfaces.6 36 

This multifaceted antimicrobial profile is largely attributed to their reliance on reactive oxygen 37 

species (ROS) mediated oxidative damage and Zn²⁺ induced membrane damage3. This has 38 

fostered the prevailing view that ZnO NPs exert a non-specific physical pressure that is inherently 39 

resistant to classical bacterial evasion strategies. As of 2012, the global annual production of ZnO 40 

NPs was estimated at approximately 550 metric tons, contributing to a cumulative production of 41 

58,000 metric tons of engineered nanomaterials annually by 2020.7 The escalating environmental 42 

and clinical footprint of metal oxide nanoparticles has established a chronic selective landscape, 43 

raising urgent concerns regarding the potential for microbial adaptation and the emergence of 44 

persistent reservoirs.8 Current paradigms of nanotoxicity resistance are largely centered on silver 45 

nanoparticles, where evasion is mediated by physical exclusion, flagellar motility, and biochemical 46 

detoxification through efflux pumps.9,10 Furthermore, Acinetobacter baumannii has been shown 47 

to acquire silver nanoparticle (AgNP) resistance through specific genotypic alterations in cell 48 

attachment and capsular polysaccharide biosynthesis.11 These mutations catalyze a systemic 49 
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physiological restructuring, enabling the pathogen to quench oxidative stress and reconfigure its 50 

metabolic flux to survive chronic AgNP exposure. While evidence of bacterial adaptation to silver 51 

nanoparticles continues to surface, a major knowledge gap persists regarding the evolutionary 52 

risks associated with Zinc Oxide NPs. Addressing this is vital, as the widespread dissemination 53 

of ZnO NPs may inadvertently select for persistent microbial variants uniquely adapted to 54 

withstand multifaceted inorganic stress.  55 

Recent experimental evolution studies suggest that E. coli developed adaptive resistance to 56 

ZnO NPs upon prolonged exposure, accompanied by morphological changes and differential 57 

expression of membrane- associated proteins.12 However, a fundamental question remains: can 58 

ZnO NP stress drive permanent, heritable adaptations in high-priority clinical pathogens? To date, 59 

a stable or genetically encoded resistance mechanism to ZnO NPs has remained elusive. 60 

Unlike the gen-centric nature of classical antibiotic resistance, nanoparticle adaptation is 61 

considered as a complex, multifactorial process involving metabolic rewiring and phenotypic 62 

heterogeneity.13 One such adaptive phenotype is the small colony variant (SCV), a slow-growing, 63 

metabolically altered subpopulation characterized with intracellular persistence, stress tolerance, 64 

and antimicrobial evasion.14,15 Although SCVs have been extensively studied in the context of 65 

chronic infections and antibiotic exposure, their emergence in response to nanoparticle stress 66 

and whether their transition is genetically anchored remain critical new frontiers in understanding 67 

microbial persistence. 68 

In this study, we combined quantitative proteomics, experimental evolution, and whole-genome 69 

sequencing (WGS) to explore how S. aureus adapts to sustained exposure to sub-inhibitory 70 

concentrations of ZnO nanoparticles. We aimed to determine whether continuous exposure to 71 

ZnO NPs could select for a stable, heritable SCV phenotype and whether this adaptation was 72 

accompanied by changes in susceptibility to conventional antibiotics. By defining the phenotypic 73 

and genetic features associated with prolonged ZnO NP exposure, this study addresses the 74 
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potential for nanoparticle-mediated selection to influence bacterial persistence and antibiotic 75 

resistance. 76 

These findings redefine our understanding of nanoparticle-microbe interactions and provide the 77 

first evidence of a genetically anchored ZnO nanoparticle-driven adaptation, uncovering a 78 

previously unrecognized mechanism towards chronic infection. 79 

 80 

Results and Discussion   81 

ZnO nanoparticles exhibit dose-dependent killing of S. aureus while leaving a resilient 82 

subpopulation 83 

To evaluate the antibacterial efficacy of the synthesized ZnO NPs, we conducted in- vitro killing 84 

assay against S. aureus SAW 1 (Figure 1A). Exposure to ZnO NPs for 24 h exhibited a 85 

concentration-dependent reduction in bacterial survival, achieving about a 3 log10 reduction at 86 

250, 500, and 750 µg/ml. This pattern is consistent with published reports on ZnO nanostructures, 87 

where concentration-dependent antibacterial activity of ZnO nanoparticles has been well 88 

documented against S. aureus using colony-forming unit enumeration after 24 h of incubation.16,17  89 

Notably, ZnO nanoparticles have been reported to decrease the number of CFU/ml by 3 log10 90 

units against S. aureus strains18 corroborating our findings. Despite this potent activity, complete 91 

sterilization was not attained at any concentration tested, as a small proportion of cells remained 92 

viable across all conditions (Figure 1B). This is consistent with the well-established phenomenon 93 

of bacterial persistence, wherein a small fraction of the bacterial population survives lethal 94 

antimicrobial exposure while remaining genetically susceptible, and can resume growth once the 95 

stressor is removed.19 Such surviving subpopulations have been observed not only with 96 

conventional antibiotics but also with nanomaterial-based antimicrobials, and spontaneous 97 

persistence leads to a constant fraction of surviving cells in a population (usually between 0.001% 98 

and 1%), ensuring bacterial survival under stress conditions.20 99 
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To confirm that this antibacterial efficacy was supported by colloidal stability throughout the 24 h 100 

assay, the physical state of the ZnO NPs was evaluated in TSB media. UV-Vis absorption spectra 101 

exhibited a distinct surface excitation peak at 370 nm that remained unchanged after 24 h of 102 

incubation at 37∘C, showing no peak shift or broadening (Figure S1A). This distinct 370 nm band 103 

is a well-established spectroscopic hallmark of nanoscale zinc oxide, arising from intrinsic electron 104 

transitions from the valence band to the conduction band (O2p→Zn3d) under quantum confinement 105 

conditions. The preserved peak symmetry and spectral stability confirm that interaction with TSB 106 

nutrients such as peptones and amino acids-likely formed a protective organic media corona that 107 

hindered kinetic agglomeration rather than triggering rapid micro-scale precipitation.21,22  108 

 Nanoparticle Tracking Analysis (NTA) confirmed uniform dispersion, revealing a modal 109 

hydrodynamic diameter of 92.3 ± 3.1 nm of 89.9 nm merged mode and a mean hydrodynamic 110 

diameter of 127.9 ±1.0 nm of D10 = 82.8 nm, D50 = 111.4 nm, D90 = 196.2 nm (Figure S1B-C and 111 

Table S1), with real-time video tracking confirming individual particles undergoing Brownian 112 

diffusion without micro-scale cluster formation.  113 

To investigate the mechanism underlying this bactericidal activity, intracellular ROS levels were 114 

quantified using the DCFDA fluorescence assay. 2′,7′-Dichlorodihydrofluorescein diacetate 115 

(DCFH-DA) is one of the most widely used techniques for directly measuring the redox state of a 116 

cell23, and has been validated for use in bacterial systems exposed to metal oxide nanoparticles. 117 

Cells exposed to ZnO nanoparticles exhibited a marked elevation in intracellular ROS compared 118 

to untreated controls (Figure 1C). Elevated intracellular ROS generation in S. aureus cells 119 

incubated with ZnO nanoparticles compared to non-treated controls is strongly related to their 120 

antimicrobial activity.24 These findings implicate oxidative stress as a key contributor to the 121 

antibacterial action of ZnO nanoparticles, in agreement with the widely supported mechanistic 122 

model in which oxidative stress induced by excess ROS plays a substantial role in inducing lipid 123 

peroxidation on the bacterial cell membrane, ultimately contributing to cell death.25,26      124 
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 125 

 126 

 127 

Figure 1. Zinc oxide nanoparticles (ZnO NPs) exhibit concentration dependent antibacterial 128 

activity and induce ROS. (A) Schematic representation of experimental design. (B) Percent 129 

survival of S. aureus SAW1 following 24 h exposure to increasing concentrations of ZnO 130 

nanoparticles (50 to 750 µg/ml). A concentration-dependent reduction in bacterial survival was 131 

observed, with about a 3 log10 reduction at concentrations 500 and 750 µg/ml. Despite substantial 132 

killing, a small surviving subpopulation remained detectable even at high concentration of ZnO 133 

nanoparticles. (C) Intracellular reactive oxygen species (ROS) levels measured by the DCFH-DA 134 

fluorescence assay following ZnO NP exposure. ZnO NP treatment induced a concentration-135 

dependent increase in ROS production relative to untreated controls, indicating enhanced 136 

oxidative stress. Each condition was tested in five replicates (n = 5). Statistical analysis in (C) was 137 

performed using one-way ANOVA followed by Dunnett’s multiple-comparisons test, comparing 138 

each ZnO NP-treated group with the untreated control. All comparisons were statistically 139 

significant (****adjusted p < 0.0001). 140 

 141 

ZnO nanoparticle stress induces proteomic reprogramming associated with SCV 142 

emergence 143 

Despite the potent antibacterial activity and ROS induction mediated by ZnO NPs, a small 144 

fraction of S. aureus cells remained viable following treatment. To gain a comprehensive 145 

understanding of the global cellular response of this surviving subpopulation under ZnO NP-146 

induced stress, we performed comparative proteomic analysis. This approach enabled the 147 

A B C 
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identification of differentially expressed proteins and pathways associated with the bacterial 148 

response to nanoparticle exposure at the protein level. 149 

We analyzed the proteomic profile of S. aureus following ZnO NPs treatment (500 µg/ml) to 150 

characterize the protein-level changes in the bacterial population recovered after nanoparticle 151 

treatment (Figure 2A). We identified 763 proteins with differential expression following treatment, 152 

of which 246 were significantly differentially expressed (P ≤ 0.05, log₂ fold change ≥ 0.5). Among 153 

these, 138 proteins were downregulated, while 108 exhibited upregulated expression (Figure 2B-154 

a).  155 

The most prominently down-regulated protein was the large-conductance mechanosensitive 156 

channel (MscL), a key bacterial membrane valve that safeguards cells from osmotic imbalance 157 

and membrane tension by regulating cytoplasmic volume under external stress conditions27. It’s 158 

down-regulation under ZnO NP stress likely reflects a compromise in the cell’s capacity to 159 

manage membrane tension and osmotic challenges. Conversely, Conserved Virulence Factor B 160 

(CvfB), an RNA-binding protein involved in virulence regulation, stress response, and metabolism- 161 

displayed the greatest up-regulation (Figure 2B-b). Previous studies have shown that the CvfB 162 

contains multiple RNA-binding domains and functions as a post-transcriptional regulator that 163 

modulates the expression of genes involved in bacterial physiology and pathogenicity28. 164 

Functional enrichment analysis (score > 1.5) of significantly down-regulated proteins underscored 165 

broad suppression of bacterial metabolism, most prominently glycolysis/ gluconeogenesis (cluster 166 

of 13 proteins) and amino acid metabolism (cluster of 11 proteins) (Figure 2C, Table S2; Figure 167 

S2A) 168 

Additionally, proteins involved in chaperone-mediated folding and unfolded protein binding were 169 

significantly diminished, indicative of an attenuated canonical stress response, suggesting a shift 170 

towards metabolic dormancy. In contrast, proteins linked to ribosomal biogenesis and translation 171 

were markedly up-regulated, suggesting a selective enhancement of translational capacity 172 
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(Figure 2B c-d).   Furthermore, gene ontology analysis revealed cellular components 173 

experienced the most substantial remodeling of cellular components, with 86 affected proteins 174 

differentially expressed; notably, half of them were up-regulated, and the remaining 43 were 175 

down-regulated, highlighting the struggle of the ZnO NP-treated cells to maintain homeostasis 176 

(Figure S2 B-C). 177 

To further explore functional connectivity among deregulated proteins, STRING protein–protein 178 

interaction (PPI) analysis was performed. The analysis revealed distinct interaction modules 179 

corresponding to translation, central metabolism, cell wall modulation, stress response, and DNA 180 

repair pathways, highlighting coordinated pathway-level remodelling rather than isolated protein 181 

changes (Figure S3). The up-regulated protein network was particularly abundant in ribosomal 182 

proteins, cell-envelope/cell-shape-associated proteins, and factors involved in DNA repair. The 183 

dense network among ribosomal proteins may indicate that the translational machinery is 184 

undergoing coordinated remodeling as a response to stress induced by nanoparticles. Similar 185 

alterations in ribosome-associated proteins have been reported during bacterial adaptation to 186 

environmental stress. Proteomic analyses of S. aureus under osmotic stress have also identified 187 

structural ribosomal proteins among the major differentially abundant proteins.29 The PcrA-188 

centered interaction network further highlighted the involvement of genome maintenance 189 

processes in the response to ZnO NP exposure. PcrA is a DNA helicase involved in DNA 190 

replication, recombination, and repair, and its increased abundance within the interaction network 191 

may reflect an elevated requirement for genome maintenance under nanoparticle-induced stress. 192 

This observation is consistent with previous evidence that ZnO NPs can induce oxidative stress 193 

and DNA damage, while studies in S. aureus have linked zinc homeostasis to the maintenance 194 

of genome integrity and DNA damage repair. Thus, the enrichment of DNA repair-associated 195 

interactions, together with the ROS response observed in our study, suggests that ZnO NP 196 

exposure imposes oxidative and metal-associated stress that may increase the cellular demand 197 

for genome maintenance.30,31  198 
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The MreA/MreB associated cluster further suggests that ZnO NP exposure affects cell-199 

envelope and cell-shape homeostasis. This is consistent with previous studies showing that ZnO 200 

NPs compromise bacterial membrane integrity and induce morphological damage, including 201 

membrane disruption and intracellular leakage. Such envelope perturbation may increase the 202 

requirement for coordinated regulation of proteins involved in maintaining cell architecture and 203 

membrane-associated processes.32,33 204 

In contrast, the down-regulated networks were dominated by interconnected metabolic 205 

modules, including heme biosynthesis, purine metabolism, sulfur/amino-acid metabolism, and 206 

stress/proteostasis functions. The suppression of these metabolically connected pathways 207 

suggests a broader reduction or reprogramming of anabolic and energy-demanding processes 208 

following ZnO NP exposure. This observation is consistent with previous proteomic studies 209 

showing that ZnO exposure can cause widespread metabolic reorientation, including perturbation 210 

of amino-acid, nucleotide, energy, and sulfur metabolism. In Bacillus subtilis, ZnO-induced 211 

proteomic remodeling was associated with altered central and sulfur-amino-acid metabolism and 212 

activation of the stringent stress response, whereas studies in Salmonella have reported broad 213 

suppression of translation, amino-acid biosynthesis, nucleotide metabolism, and energy-214 

generating pathways following ZnO exposure. 34, 35 More recently, integrated analyses of metal 215 

stress in S. aureus have similarly demonstrated disruption of central carbon metabolism, 216 

respiration, ATP production, and cell-wall biosynthesis, emphasizing the close relationship 217 

between metal dysregulation, metabolic collapse, and envelope stress.36 218 

Following treatment of planktonic S. aureus cells with ZnO NPs, we observed the emergence of 219 

a phenotypically distinct small colony variant (SCV) at a mean frequency of 4.45 ± 1.05% (n = 3) 220 

upon extended incubation of the plates. SCV frequency was determined by examining 100 221 

colonies per replicate and recording the proportion that exhibited SCV morphology; no SCVs were 222 

detected in the untreated control population under identical plating conditions. 223 
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S. aureus SCVs are linked to chronic, recurrent, and antibiotic-resistant infections, and an 224 

important part of their ability to persist is associated with a quiescent metabolic state.37 225 

Interestingly, the proteomic profile of ZnO NPs-treated cells was concordant with the emergence 226 

of small colony variants- a reported phenotypic variant of S. aureus under antimicrobial treatment- 227 

indicating their critical role in protein-level adaptations in post-treatment bacterial survival. The 228 

key proteins up-regulated in this context included Obg (a GTPase associated with persistence 229 

under nutrient stress and functions by affecting the ribosome assembly)38 MazF (a toxin-antitoxin 230 

system component linked to dormancy and involved affecting translation directly by cleaving 231 

mRNAs)39, and MgrA (a global regulator modulating virulence and antibiotic resistance).40 232 

Concurrently, enzymes central to menaquinone biosynthesis (MenA), heme biosynthesis (HemB), 233 

central metabolism (PdhA), and peptidoglycan synthesis (MurA) were significantly elevated 234 

(Figure 2B; Table S3A; S3B), supporting a metabolic reprogramming characteristic of the SCV 235 

physiology.  236 

The proteomic landscape also revealed broad suppression of adaptive pathways central to 237 

bacterial survival under stress. Notably, a ferritin domain- containing protein was strongly down-238 

regulated (3.71-fold), implicating disrupted iron storage and detoxification; bacterial ferritins buffer 239 

excess metal ions to mitigate Fenton chemistry-driven oxidative damage, and their depletion may 240 

exacerbate nanoparticle-induced ROS stress.41 The sodium: alanine symporter showed a 3.75-241 

fold reduction, reflecting inhibited amino acid uptake and osmoregulatory transport. Prokaryotic 242 

Na⁺/solute symporters are pivotal for nutrient acquisition and osmotic balance, and their 243 

suppression aligns with the metabolic slowdown characteristic of SCVs.42  244 

Additionally, the oxygen sensor histidine kinase NreB was down-regulated by 3.44-fold, 245 

suggesting weakened environmental sensing and redox signaling capacity; two-component 246 

histidine kinases like NreB modulate gene expression in response to oxygen fluctuations, and 247 

their inhibition may blunt aerobic respiration adjustments under oxidative stress.43 Down-248 
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regulation of stress response regulators driving emergence of SCV also corroborates with 249 

previous study.15 Up-regulation of ABC transporter substrate-binding proteins (2.30-fold) further 250 

points to restricted nutrient and metal ion uptake, while the decrease in the serine protease HtrA-251 

like protein (2.55-fold) indicates impaired periplasmic protein quality control and stress-induced 252 

proteostasis.44  253 

The proteomic signatures also included reduced expression of key glycolytic enzymes such as 254 

Pgk, Ldh1, and GpmA, as well as TCA cycle enzymes including FumC and Mqo (Figure 2B) This 255 

metabolic down-shift aligns with a low-energy state commonly associated with stable SCVs. 256 

Universal to all SCV phenotypes, including clinical isolates and site-directed mutants is a 257 

characteristic reduction in central metabolic carbon flux and citric acid cycle activity, independent 258 

of the specific auxotrophic driver.45, 46 Collectively, the proteomic data revealed that ZnO NP-259 

treated S. aureus initiates a coordinated stress adaptation program by increased translation, 260 

suppressed metabolic activity, and induction of SCV-associated determinants, facilitating the 261 

emergence of a metabolically rewired and persistence-capable SCV population. 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 
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 271 

Figure 2. Proteomic response of S. aureus to ZnO nanoparticle exposure. (A) Schematic 272 

representation of the experimental workflow for proteomic analysis of ZnO NP-treated S. aureus. 273 

(B) Overview of the proteomic changes following ZnO NP treatment. (a) Volcano plot showing 274 

significantly differentially expressed proteins, with significantly up-regulated proteins shown in 275 

green and down-regulated proteins shown in red. The positions of selected proteins discussed in 276 

the text, including MscL and CvfB, are indicated. (b) Top 20 up-regulated and down-regulated 277 

proteins identified following ZnO NP exposure. (c, d) Enrichment analysis of significantly up-278 

regulated and down-regulated proteins, respectively. Dot size represents the number of proteins 279 

associated with each enriched term, and colour represents the degree of enrichment (fold 280 

enrichment). (C) Differentially abundant proteins associated with the SCV phenotype following 281 

ZnO nanoparticle exposure. The bar graph shows the log₂ fold change in abundance of selected 282 

proteins in ZnO NP-treated cells relative to the untreated wild-type strain. Up-regulated proteins 283 

are shown in green and down-regulated proteins in red. Selected proteins include MenA, MurA 284 

and ObgF among the up-regulated proteins, and ClpC, GroEL, TrxA and SodA among the down-285 

regulated proteins. 286 

 287 

ZnO exposure induces emergence of slow-growing, de-pigmented SCVs in S. aureus 288 

Interestingly, the proteomic analysis revealed the differential expression of several proteins 289 

previously associated with stress adaptation, metabolic reprogramming, and small colony variant 290 

(SCV)-like phenotype in S. aureus. Since routine post-treatment plating had initially been 291 

performed using standard overnight incubation (16-18 h), such slow-growing phenotypic variants 292 

may have remained undetected. Therefore, to further investigate whether ZnO NP exposure 293 

induced observable phenotypic heterogeneity, we extended the incubation period of treated 294 

cultures and carefully monitored colony morphology over time for the emergence of slow-growing 295 

variants. 296 

To investigate the phenotypic consequences of ZnO NP treatment, we exposed S. aureus SAW1 297 

to 500 and 750 µg/ml ZnO NPs for 24 h, with colony morphology monitored over extended 298 

incubation. Distinct SCVs emerged, characterized by markedly reduced colony size, loss of 299 

pigmentation, and delayed growth compared to the WT population. 300 
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These SCVs were detectable by 36 h and became prominent by 54 h following exposure to 301 

500 and 750 µg/mL ZnO NPs (Figure 3A). Representative 48 h images confirmed a 302 

heterogeneous population structure, with depigmented small colonies that were approximately 303 

1/10th the size of normal WT colonies. (Figure 3B-C). The emergence of depigmented, slow-304 

growing SCVs following ZnO NP treatment is consistent with previous reports describing oxidative 305 

stress-mediated adaptive responses in S. aureus.46 ROS generated during ZnO NP exposure can 306 

disrupt the electron transport chain, cellular respiration, and membrane homeostasis, thereby 307 

promoting the formation of metabolically altered SCVs. Importantly, staphyloxanthin pigmentation 308 

in S. aureus is closely linked to oxidative stress defense; therefore, the observed loss of 309 

pigmentation in ZnO NP derived SCVs likely reflects disruption of redox homeostasis and 310 

metabolic remodeling under nanoparticle-induced stress conditions.47  311 

Transmission electron microscopy (TEM) revealed pronounced morphological differences 312 

between SCV and WT cells (Figures 3D-E). SCVs exhibited a significantly larger average cell 313 

diameter (~535 nm) compared to WT cells (~390 nm; p < 0.0001), alongside substantial cell wall 314 

thickening (~44 nm vs. ~29 nm; p < 0.0001) (Figures 3F-G). This represents 51.72 % increase in 315 

cell-wall thickness and may contribute to the altered susceptibility of SCVs to β-lactam antibiotics 316 

by affecting cell-envelope structure and antibiotic access to their targets. 317 

High-resolution TEM further documented abnormal septation and cell aggregation, hallmarks 318 

of a stress adapted phenotype. Similar observations have been reported in the study showing 319 

SCVs associated with the chronic prosthetic infections displayed significantly increased cell wall 320 

thickness compared to the wildtype counterparts.15 Furthermore, studies have shown that 321 

oxidative stress acts as a powerful environmental cue that triggers profound structural and 322 

metabolic remodelling. When bacteria encounter ROS or subinhibitory antimicrobial pressure, 323 

they redirect energy away from rapid replication and into survival mechanisms. This stress 324 

response often down-regulates standard cell division machineries while altering cell wall 325 
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biosynthetic pathways.48 The accumulation of oxidative damage and subsequent metabolic 326 

rewiring force the cells into an abnormal cell size, resulting in distinct morphological variations-327 

such as cell elongation (filamentation) or swelling-and the population-level appearance of slow-328 

growing, highly resilient small-colony variants.49, 50 Together, these results demonstrate that the 329 

subinhibitory exposure to ZnO NPs drives the emergence of S. aureus SCVs characterized by 330 

altered colony morphology, and ultrastructural remodelling. This phenotypic switch likely 331 

represents an adaptive survival strategy under nanoparticle-induced stress conditions. 332 

 333 

 334 
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 336 
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Figure 3: Emergence and characterization of small colony variants (SCVs) in S. aureus 347 

upon prolonged exposure to ZnO NPs. A: Representative images show colony morphology on 348 

TSA plates at 500 µg/ml and 750 µg/ml ZnO NP concentrations over three time points: 16 h, 36 349 

h, and 54 h post-incubation. Red arrows indicate the small colonies that emerged during extended 350 

incubation, whereas blue arrows indicate regions where SCVs were not observed at the 351 

corresponding time point. B: Representative image of altered pigmentation of SCV compared to 352 

normal WT colony. C: Violin plot showing the distribution of colony sizes for WT and SCV. SCVs 353 

exhibited a significantly smaller colony diameter compared to the WT strain (****p < 0.0001). D: 354 

Transmission Electron Microscopy (TEM) micrograph of S. aureus WT colony showing typical 355 

coccoid morphology with uniform cell size. E: TEM micrograph of SCV colony displaying 356 

increased cell size and thickened cell walls. F-G: TEM analysis of cell morphology in WT and 357 

small colony variant (SCV). F: Violin plot representing a significant increase in mean cell size of 358 

SCV isolates compared to WT cells, as determined by TEM (****p < 0.0001; n = 5). G: Violin plot 359 

showing a statistically significant increase in cell wall thickness in SCV isolates relative to the WT 360 

strain (****p < 0.0001; n = 5). For panels F and G, measurements were obtained from 5 cells per 361 

group from a single TEM preparation. Data are presented as mean ± SD, and statistical 362 

significance was determined using an unpaired two-tailed Student’s t-test. The scale bar 363 

represents 100 nm in the micrograph. 364 

 365 

Repeated ZnO nanoparticle exposure selects for a stable SCV phenotype 366 

As SCVs recovered following ZnO nanoparticle exposure reverted to the normal-sized wildtype 367 

upon sub-culturing them into nanoparticle free LB media, a phenomenon widely reported for 368 

unstable, transient SCVs.46, 50 To determine whether sustained nanoparticle exposure could drive 369 

phenotypic stabilization and selection of a persistently adapted subpopulation, transient SCVs 370 

were subjected to prolonged serial passaging (P1-P14) in media supplemented with 500 µg/ml 371 

ZnO NPs (Figure 4A). The SCV population progressively enriched with each passage, exceeding 372 

95% by passage 10 and becoming completely dominant by passage 12. By passage 14 (P14), 373 

the SCV phenotype exhibited irreversible morphological stability, with no reversion to the WT 374 

colony type even after multiple subcultures in NP-free conditions (Figures 4B-C).  375 

Colonies consistently exhibited reduced size and hypopigmentation across passages, 376 

indicating phenotypic stabilization. Similar stabilization has been documented during serial 377 

passaging with increasing concentrations of THAM-3ΦG50 or aminoglycosides, where SCVs 378 
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displayed increased MICs and prolonged generation times, consistent with slow- growing SCV 379 

phenotype.51 380 

The physiological characterization of stabilized SCVs revealed pronounced growth alterations. 381 

The growth profiling in TSB showed SCVs demonstrated a prolonged lag phase and a reduced 382 

exponential growth rate, with approximately fourfold increase in generation time compared to WT 383 

cells (p < 0.0001) (Figure 4D-E).  384 

Earlier studies have shown that S. aureus SCVs exhibit resistance to aminoglycosides due to 385 

impaired electron transport chains, reducing antibiotic uptake and enhancing persistence.42 386 

Moreover, SCVs alter  antibiotic susceptibility profiles variably, with resistance to antibiotics like 387 

erythromycin and kanamycin, alongside continued susceptibility to others such as ampicillin and 388 

polymyxin-particularly observed in E. coli.52 In our study, antimicrobial susceptibility testing using 389 

Kirby-Bauer disc diffusion assays on 22 antibiotics revealed that SCVs exhibited altered 390 

susceptibility particularly against β-lactams (ampicillin, ceftazidime, penicillin) and ciprofloxacin 391 

(Table S4A). Minimum inhibitory concentration (MIC) assays of selected antibiotics confirmed 392 

increased resistance to β-lactam antibiotics targeting penicillin-binding proteins (PBPs), with MICs 393 

of penicillin G and ampicillin increasing from 32 to 512 µg/ml and from 64 to 1024 µg/ml, 394 

respectively, in SAW1SCV compared with the parental SAW1C strain (Table S 4B). 395 

These findings suggest that the adaptive changes associated with ZnO NP-enriched SCV 396 

formation can confer altered antibiotic susceptibility and may instead involve physiological trade-397 

offs that enhance survival under nanoparticle stress and certain antimicrobial agents. 398 

Nevertheless, ZnO nanoparticles killing assays demonstrated reduced bactericidal efficacy 399 

against SCVs (~68% killing) relative to WT cells (99.9% killing). Nevertheless, ZnO nanoparticles 400 

killing assays demonstrated reduced bactericidal efficacy against SCVs (~68% killing) relative to 401 

WT cells (99.9% killing). Furthermore, evolved SCVs showed significant increase in the biofilm 402 

formation as determined by viable-cell enumeration of biofilms ( p<0.05). (Figure S4). 403 
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Clinically, SCVs pose significant challenges due to their persistence in host tissues and evasion 404 

of immune clearance.36,53 We have found that SCVs adhered more efficiently to A549 epithelial 405 

cells and showing 1.38-fold greater adherence (p < 0.01) and persisted intracellularly in THP-1 406 

macrophages. In THP-1 macrophages, intracellular survival was comparable between SAW1C 407 

and SAW1SCV at 15 min, followed by a transient decrease at 6 h and subsequent recovery at 12 408 

and 24 h. At 24 h, SAW1SCV showed approximately 58% intracellular survival compared with 409 

approximately 31% for SAW1C (Figure 4F-G). This mirrors previous findings showing SCVs 410 

evade host immune responses, promoting chronic and relapsing infections.36,54 411 

Together, these results establish that sustained ZnO NP exposure selects for a phenotypically 412 

stable SCV subpopulation characterized by slow growth, altered susceptibility to antibiotics and 413 

nanoparticles, improved host cell interaction and intracellular persistence, hallmarks of a chronic, 414 

stress-adapted bacterial phenotype. 415 

 416 

 417 

 418 
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 428 

 429 

Figure 4: Stability and growth characteristics of SCVs upon prolonged ZnO NP exposure 430 

(A) Schematic representation of experimental evolution to enrich S. aureus small colony variants 431 

(SCVs) under subinhibitory ZnO nanoparticle (NP) pressure and corresponding media-only 432 

control. SAW1 culture was repeatedly exposed to 500 µg/ml ZnO NPs over 14 passages. A single 433 

SCV colony was selected at each passage to inoculate the next culture. Serial passaging under 434 

ZnO NP pressure led to progressive enrichment and phenotypic stabilization of SCVs, whereas 435 

repeated passaging in media alone did not induce SCV formation. (B) Population shift from S. 436 

aureus SAW1C to small colony variant SAW1SCV over serial passages (P1-P14) under 437 

subinhibitory ZnO NP exposure. Bar graph shows the increasing percentage of SCVs with 438 

passage number, indicating selection and enrichment of the SCV phenotype. (C) Colony 439 

morphology on TSA plates at 36 h shows the typical parental (SAW1C, left) and the stable SCV 440 

phenotype (SAW1SCV, right) maintained after removal of ZnO NP pressure at passage 12, 441 

indicating heritable stability. (D) Growth kinetics of SAW1C and SAW1SCV in TSB medium over 24 442 

h. SCVs exhibit an extended lag phase and reduced growth rate. (E) Generation time analysis 443 

reveals significantly increased doubling time in SAW 1SCV compared to SAW 1C (***p < 0.001), 444 

consistent with the slow-growing SCV phenotype. Error bars represent standard deviation from 445 

biological replicates. (F) Intracellular survival (%) of SAW 1C (parental strain), SAW 1SCV (small 446 

colony variant), and the laboratory reference strain, MTCC 14309 was assessed at 15 min, 1 h, 447 

6 h, 12 h, and 24 h post-infection. (G) Adherence of SAW1C and its small colony variant SAW1SCV 448 

to human lung epithelial A549 cells was quantified using an adherence assay. SAW1SCV exhibited 449 

significantly higher adherence (75.45 %) than SAW1C (54.72 %) with a mean difference ± SEM 450 

of 20.73 ± 3.697. Statistical significance was determined by an unpaired two-tailed t-test, p < 0.01. 451 

Experiments were performed in replicates (n=3). 452 

 453 

 454 
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 455 

Emergence of non-canonocal mutations in SCVs enriched by ZnO nanoparticle exposure 456 

To uncover genetic determinants underlying the emergence of small colony variants (SCVs) 457 

upon ZnO nanoparticle (NP) exposure, WGS was performed at passage 12 (P12) on two 458 

independently isolated SCV colonies from the ZnO NP exposed population and two colonies from 459 

the corresponding untreated SAW 1C population.  460 

Genomic DNA was extracted using standardized protocols and subjected to short-read 461 

sequencing. Assemblies generated using Shovill and SPAdes were quality-checked using 462 

QUAST and CheckM. Species identity was verified using PGAP and TYGS pipelines, confirming 463 

both isolates as S. aureus, with conserved virulence gene profiles and identical MLST types.  464 

Genome assembly generated 17 contigs for the parental strain (S. aureus SAW 1C) and 15 465 

contigs for the SCV isolate (SAW 1SCV), with assembled genome sizes of 2,797,119 bp and 466 

2,778,321 bp, respectively.  467 

Both genomes exhibited comparable GC content (32.73–32.77%) and similar numbers of rRNA, 468 

tRNA, and tmRNA genes, although the SCV genome contained a slightly reduced number of 469 

predicted coding sequences (Table 1). Circular genome maps of the SAW 1C and SAW 1SCV 470 

isolates revealed a high degree of overall genomic conservation, with no large-scale 471 

chromosomal rearrangements apparent between the two strains (Figure S5). Genome-based 472 

phylogenetic analysis revealed that both the SAW1C and the evolved SAW1SCV clustered most 473 

closely with S. aureus DSM 20231, confirming their taxonomic identity and high genomic 474 

relatedness to the S. aureus species (Figure S6). 475 

 476 

SCV genome carries non-canonical mutations  477 

Crucially, the SCV genome lacked mutations in classical SCV- associated genes such as hemB, 478 

menD, thyA, or rpoB37,55, suggesting non-canonical genetic mechanism driving this persistent 479 
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phenotype. We identified point mutations in SAW 1SCV genome (Table 2), encompassing mprF 480 

(N477D), rpsE (A56V), gyrA (S739G), yqeH (stop-codon loss) and comEB (G25D). Among these, 481 

mutations in mprF, gyrA and yqeH likely to have greatest functional significance, whereas 482 

mutation in rpsE A56V substitution represents a conservative change between nonpolar residues, 483 

and the synonymous narZ variant does not alter the encoded amino acid and is therefore less 484 

likely to have a direct effect on protein function. These mutations implicate cellular processes 485 

such as membrane charge modulation (mprF), ribosomal function (rpsE) and (yqeH), DNA 486 

supercoiling (gyrA), and competence regulation (comEB). The mprF gene product is a bifunctional 487 

lysyl-phosphatidylglycerol synthetase/flippase that have been reported to modify membrane 488 

charge to repel cationic antimicrobial peptides including daptomycin.56,50 Mutations in mprF may 489 

contribute to SCV associated persistence and membrane remodeling, promoting survival under 490 

cationic Zn+2. The gyrA mutation disrupts DNA topology and replication, contributing to reduce 491 

growth rates. Although mutations in gyrA have not been previously reported as a canonical driver 492 

of SCV formation, studies have demonstrated that alterations in DNA superhelicity constitute an 493 

important bacterial response to environmental stress.57 For instance, stress-induced changes in 494 

DNA supertwist have been reported in Bacillus subtilis, suggesting that modulation of 495 

chromosome topology represents a conserved adaptive mechanism for reprogramming cellular 496 

physiology under adverse conditions.59 Although less well characterized, the comEB mutation 497 

may alter bacterial competence and stress adaptation pathways, consistent with phenotypes 498 

observed in triclosan-induced SCVs exhibiting reduced competitive fitness and persistence traits 499 

potentially due to the impaired cell division.58 500 

Of particular interest was a mutation in the yqeH gene, which encodes a ribosome biogenesis 501 

GTPase. This mutation resulted in the loss of a premature stop codon, potentially extending the 502 

protein to 366 amino acids. Although, yqeH is poorly characterized in S. aureus, its homologs in 503 

E. coli and B. subtilis are members of the circularly permuted GTPase (cpGTPase) family, 504 
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functioning as a checkpoint factor in 30S ribosomal subunit assembly during nutrient limitation or 505 

oxidative stress conditions.38, 59 506 

In several bacteria, yqeH is essential for growth, with its GTPase activity closely linked to 507 

ribosomal maturation in response to environmental cues.38 The observed read-through mutation 508 

in our SCV isolates may perturb GTPase function or ribosome interactions, potentially modulating 509 

translation efficiency or fidelity characteristics of the SCV phenotype.  510 

Bioinformatic analysis revealed that the YqeH protein of WT S. aureus SAW1, comprising 123 511 

amino acids, was predicted to be unstable. However, loss of the stop codon resulted in an 512 

extended protein of 366 amino acids, which exhibited improved stability. Specifically, the 513 

instability index decreased from 48.73 to 34.82. Interestingly, despite the substantial extension in 514 

protein length, the aliphatic index and grand average of hydropathicity (GRAVY) remained largely 515 

unchanged, shifting only marginally from 102.11 to 101.64 and from -0.226 to -0.220, respectively, 516 

suggesting that the overall physicochemical characteristics of the protein were largely preserved. 517 

Further comparative analysis of closely related YqeH proteins indicated that the occurrence of 518 

shorter and relatively unstable YqeH variants is not uncommon (Figure S7).   519 

Furthermore, integrative proteogenomic analysis identified yqeH, a circularly permuted GTPase 520 

(cpGTPase) of the Obg family, as a potential contributor of adaptation under the ZnO 521 

nanoparticle-induced oxidative stress. In this study, proteomic analysis showed strong up-522 

regulation of obg-like GTPases and proteins associated with the ribosome assembly and 523 

translation regulation. This suggests yqeH may play a role in bacterial adaptation to oxidative 524 

stress by remodeling ribosome-associated processes or translational machinery.  525 

These observations raise intriguing questions regarding the evolutionary and functional 526 

significance of premature stop codons within yqeH across S. aureus strains. Whether stop-loss 527 

mediated extension of YqeH enhances protein stability, ribosome biogenesis, or stress 528 

adaptation, and whether such variants confer a selective advantage under specific environmental 529 

conditions, remains to be investigated experimentally. 530 
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 531 

Plasmid curing and cell wall remodeling drive β -lactam resistance in ZnO NP-adapted 532 

S. aureus SCVs.  533 

Most notably, the SAW 1SCV genome lacked a ~19 kb plasmid present in the SAW 1C. This 534 

plasmid encoded key components of the bla operon, including the β-lactamase gene blaZ and its 535 

regulatory elements blaI and blaR.  A circular map of the lost plasmid is shown (Figure S8).  536 

Previous studies have suggested that maintenance of plasmids imposes a metabolic burden 537 

on bacterial cells, particularly under stressful environmental conditions.60,61 Consequently, 538 

plasmid loss can confer a selective advantage by reducing the energetic costs associated with 539 

plasmid replication and gene expression. In one study, researchers have shown that plasmid 540 

curing in multidrug-resistant S. aureus resulted in the loss of resistance markers and restoration 541 

of susceptibility to multiple antibiotics.62 Crucially, despite losing this ܾ݈ܼܽ-mediated enzymatic 542 

resistance mechanism, SAW 1SCV exhibited increased phenotypic resistance to PBP-targeting 543-ߚ 

lactam antibiotics. This demonstrates that ߚ-lactam resistance in SAW 1SCV may govern by non-544 

enzymatic chromosomal adaptations rather than plasmid retention. These structural adaptations-545 

characteristic of the metabolically quiescent SCV phenotype likely include cell wall thickening, 546 

modified peptidoglycan cross-linking, and regulatory alterations in surface charge (e.g., via mprF 547 

or cell wall stress networks) that physically restrict antibiotic penetration and PBP accessibility.56,63 548 

Thus, while serial passaging under nanoparticle stress selected for plasmid shedding to optimize 549 

bioenergetic fitness, concurrent envelope remodeling (Figure 3E). However, the precise 550 

mechanisms driving plasmid instability and the fitness consequences of plasmid loss in ZnO NP-551 

adapted SCVs remain to be explored in greater detail. 552 

 553 

 554 

 555 

 556 
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Table 1: Summary of whole-genome assembly statistics for parental S. aureus WT and ZnO 557 

NP-induced enriched small colony variant (SAW 1SCV) 558 

Strain Contig Genome 

size (bp) 

CDS rRNA tRNA tmRNA GC% 

S.aureus WT 17 2797119 2588 7 58 1 32.73 

S.aureus 

SAW 1SCV 

15 2778321 2565 7 58 1 32.77 

completedness: 99.51; contamination: 0.08 559 

 560 

Table 2: SNPs observed between S. aureus WT and S. aureus SAW 1SCV (Variants were 561 

filtered to retain only those with a QUAL score ≥ 20 and read depth (DP) ≥ 30). 562 

Gene name Product Contig Pos Ref Alt Variant effect 

yqeH ribosome 

biogenesis 

GTPase YqeH 

Contig00001 278462 T C Stop codon in 

wild type lost, 

protein is 366 

amino acid 

long 

comEB ComE operon 

protein 2 

Contig00001 283447 G A missense 

variant; G25D 

mprF bifunctional 

lysylphosphatidyl

Contig00001 542287 T C missense 

variant; N477D 
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glycerol 

flippase/synthetas

e 

gyrA DNA gyrase 

subunit A 

Contig00004 45998 T C missense 

variant; S739G 

rpsE 30S ribosomal 

protein S5 

Contig00003 66995 G A missense 

variant; A56V 

narZ nitrate reductase 

subunit alpha 

Contig00003 216793 G A synonymous 

variant 

Intergenic - Contig00001 228950 CAAAAAA CAAAAAA

A 

- 

Intergenic - Contig00003 316506 C T - 

 563 

Conclusion 564 

This study provides insights into a new adaptive strategy by which bacteria originally susceptible 565 

to ZnO nanoparticles become tolerant to their toxic effects after repeated long-term subinhibitory 566 

concentrations. Subinhibitory exposure to ZnO nanoparticles induces the emergence of a 567 

persistent SCV phenotype in S. aureus. The resulting SCVs exhibited characteristic features 568 

including slow growth, altered colony morphology, and cell-wall remodelling. Integrative genomic 569 

and proteomic analyses revealed that this adaptation was associated with non-canonical genetic 570 

and regulatory changes involving membrane homeostasis, ribosome-associated processes, 571 
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plasmid loss, and DNA topology, suggesting that nanoparticle-induced adaptation arises through 572 

mechanisms distinct from those classically associated with SCV formation. 573 

Importantly, adaptation to ZnO NP stress did not result in complete resistance to ZnO NPs or 574 

broad-spectrum antibiotic cross-resistance. The evolved SCVs remained susceptible to ZnO NPs 575 

and showed altered susceptibility to different antibiotics, including increased resistance to 576 

selected β-lactams and increased susceptibility to some other antibiotics. These findings indicate 577 

that adaptation to ZnO NP stress may involve physiological trade-offs rather than the development 578 

of a generalized resistance phenotype. 579 

These findings have implications for the prolonged use of ZnO NP-containing antimicrobial 580 

materials, including wound dressings and medical-device coatings, where sustained exposure 581 

could impose selective pressure on bacterial populations. Our results indicate that although ZnO 582 

NPs remained susceptible against the evolved SCVs, prolonged exposure can select for a slow-583 

growing and more persistent population with increased β-lactam resistance. Understanding such 584 

adaptive responses will therefore be important when assessing the long-term antimicrobial 585 

efficacy and evolutionary consequences of ZnO NP-based materials. 586 

This study has a few limitations. The experimental evolution was performed using a single clinical 587 

S. aureus strain, and genomic analysis was based on two independently isolated SCV colonies. 588 

The identified mutations were not functionally validated, and therefore their individual 589 

contributions to nanoparticle adaptation cannot yet be fully established. Finally, the ZnO NP 590 

concentrations used in this study were selected to impose reproducible subinhibitory selective 591 

pressure and may exceed concentrations encountered in some real-world applications. These 592 

factors should be considered when extrapolating the findings to other S. aureus strains and 593 

clinical or environmental settings. 594 

 595 

 596 
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Methods  597 

Bacterial Strain and Culture Conditions   598 

The Staphylococcus aureus SAW1 strain used in this study is a clinical strain isolated from a 599 

patient at Agartala Government Medical College (AGMC) in Agartala, India. This strain was 600 

maintained in Tryptic Soy Broth (TSB) or on Tryptic Soy Agar (TSA) plates at 37°C under aerobic 601 

conditions.   602 

Synthesis and characterization of ZnO NPs 603 

Zinc oxide (ZnO) nanoparticles used in this study were synthesized and fully characterized by the 604 

Department of Chemistry, Jamia Millia Islamia, New Delhi, India.17 The nanoparticles were 605 

prepared via a mechanical-assisted thermal decomposition at 275 °C. X-ray diffraction (XRD) 606 

confirmed a pure hexagonal wurtzite ZnO phase, while scanning and transmission electron 607 

microscopy (SEM/TEM) revealed a nanorod morphology with an average length of ~1.5 µm, width 608 

of ~80 nm, and an aspect ratio of 18.75.17  609 

Stability of ZnO NPs 610 

To assess the stability of synthesized nanoparticles under biological testing conditions, various 611 

concentrations of ZnO NPs (ranging from 250 to 750 ߤg/ml) were added to TSB media. The 612 

suspensions were incubated at 37∘C for 24 h to simulate growth conditions. Their stability was 613 

evaluated by acquiring the UV-Vis absorbance spectra across the wavelength range of 300-700 614 

nm after 24 h of incubation. 615 

Nanoparticle Tracking Analysis 616 

The hydrodynamic size and size distribution of synthesized nanoparticles were measured using 617 

a Nanoparticle Tracking Analysis (NTA) system (NanoSight NTA 3.4, Build 3.4.4, Malvern 618 
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Panalytical) equipped with a Blue488 laser (488 nm) and an sCMOS camera. Samples were 619 

diluted 10-fold (1 × 101) in deionized water and injected into the sample chamber. Video captures 620 

were recorded in triplicate (1,498 frames total at 25.0 FPS) under standardized operating 621 

parameters (Camera Level: 10, Slider Shutter: 696, Slider Gain: 55) at a temperature maintained 622 

between 26.9 and 27.1∘C and sample viscosity of 1.0 cP. Particle tracking and size distribution 623 

analysis were conducted using NTA software with a detection threshold of 5 to determine the 624 

mean, mode, and particle concentration. 625 

Antibacterial activity   626 

The antibacterial activity of zinc oxide nanoparticles (ZnO NPs) against S. aureus strain SAW1 627 

was assessed by treating mid-log phase culture (OD₆₀₀ ~0.4) with varying concentrations of ZnO 628 

NPs (50, 100, 250, 500, and 750 µg/ml) in TSB at 37°C under aerobic conditions, as described 629 

previously.5 Growth kinetics were monitored using a BioTek Synergy microplate reader (Agilent 630 

Technologies Inc., California, USA), measuring the OD₆₀₀ at regular intervals over a 24 h period. 631 

To evaluate bacterial viability, endpoint colony-forming units per milliliter (CFU/ml) were 632 

determined through serial dilution and plating on TSA, followed by incubation at 37°C for 24 h. 633 

 634 

Intracellular ROS generation assay  635 

Reactive oxygen species (ROS) generation was quantified as described previously23,24 with slight 636 

modifications. Briefly, 1 ml of mid-log phase culture was treated with different concentrations 637 

mentioned above for 24 h. Then, the culture was centrifuged at 10,000 rpm for 10 min and the 638 

media was discarded. The pellet was washed twice with 1X PBS. Then, 100 µL of 10 µM DCFH-639 

DA was added and incubated for 30 min at 37 °C. After incubation, the pellet was washed three 640 

times with 1X PBS and centrifuged again at 10,000 rpm for 10 minutes. The pellet was then 641 

resuspended in 1X PBS. Next, 100 µL of the resuspended culture was distributed in the dark 642 
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across a 96-well plate, and fluorescence was measured at an excitation wavelength of 485 nm 643 

and an emission wavelength of 530 nm.  644 

 645 

Proteomic analysis  646 

Mid-log phase cultures of S. aureus SAW1 were exposed to ZnO NPs at a concentration of 647 

500 µg/ml for 24 h. Following treatment, bacterial cells were harvested by centrifugation and 648 

subsequently washed twice with ice-cold PBS. Total protein was extracted using a standard lysis 649 

buffer containing 1% SDS and protease inhibitors, followed by quantification using the BCA assay. 650 

For digestion, 50 ug of protein sample was used for digestion and reduced with 5 mM TCEP and 651 

further alkylated with 50 mM iodoacetamide and then digested with Trypsin (1:50, Trypsin/lysate 652 

ratio) for 16 h at 37 °C. Digests were cleaned using a C18 silica cartridge to remove the salt and 653 

dried using a speed vac. The dried pellet was resuspended in buffer A (2% acetonitrile, 0.1% 654 

formic acid). Experiments were performed on an Easy-nlc-1000 system coupled with an Orbitrap 655 

Exploris mass spectrometer. 1ug of peptide sample were loaded on C18 column 15 cm, 3.0μm 656 

Acclaim PepMap (Thermo Fisher Scientific) and separated with a 0-40% gradient of buffer B (80% 657 

acetonitrile, 0.1% formic acid) at a flow rate of 300 nl/min) and injected for MS analysis. LC 658 

gradients were run for 60 minutes. MS1 spectra were acquired in the Orbitrap (Max IT = 25ms, 659 

AGQ target = 300%; RF Lens = 70%; R=60K, mass range = 375−1500; Profile data). Dynamic 660 

exclusion was employed for 30s excluding all charge states for a given precursor. MS2 spectra 661 

were collected for top 12 peptides. MS2 (Max IT= 22ms, R= 15K, AGC target 200%). All samples 662 

were processed and RAW files generated were analyzed with Proteome Discoverer (v2.5) against 663 

the Proteome S. aureus database. For dual Sequest and Amanda search, the precursor and 664 

fragment mass tolerances were set at 10 ppm and 0.02 Da, respectively. The protease used to 665 

generate peptides, i.e., enzyme specificity was set for trypsin/P (cleavage at the C terminus of 666 
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“K/R: unless followed by “P”). Carbamidomethyl on cysteine as fixed modification and oxidation 667 

of methionine and N-terminal acetylation were considered as variable modifications for database 668 

search. Both peptide spectrum match and protein false discovery rate were set to 0.01 FDR. 669 

  670 

Characterization of SCV 671 

a. Colony diameter 672 

Colony size measurements were conducted to distinguish between WT and small SCV 673 

populations based on their physical dimensions. S. aureus SAW1 cultures were treated 674 

with 500 µg/ml or 750 µg/ml ZnO nanoparticles for 24 h and plated on TSA. Following 675 

incubation at 37 °C, plates were photographed once SCVs had visibly emerged. Using 676 

ImageJ software (W. S. Rasband, National Institutes of Health, Bethesda, MD)64, the 677 

diameters of 10 representative colonies from each population (WT and SCV) were 678 

measured. Colonies with diameters of one-tenth the median WT colony size were 679 

classified as SCVs, in accordance with commonly used operational definitions.  680 

 681 

b. Transmission Electron Microscopy  682 

Fresh single colonies of untreated S. aureus and small colony variants that emerged after 683 

48 h of incubation were picked and resuspended in 0.1 M phosphate buffer (pH 7.4). The 684 

cells were stained with uranyl acetate and observed using a Hitech transmission electron 685 

microscope (TEM). The samples were loaded onto copper grids, contrasted with 1% 686 

Phosphotungstic acid, and examined using a TECNAI (HR-TEM) operating at 120 kV. Cell 687 

wall thickness was measured in 5 cells of each sample with nearly equatorially cut 688 

surfaces by ImageJ (W. S. Rasband, National Institutes of Health, Bethesda, MD).64  689 

 690 

c. SCV Stability Assay 691 
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The stability of SCVs after repeated nanoparticle exposure was checked50 with slight 692 

modifications, by conducting a serial passaging enrichment assay under continuous ZnO 693 

NP pressure. S. aureus SAW1 cultures were treated with 500 µg/ml ZnO NPs in TSB and 694 

incubated at 37 °C with agitation at 550 rpm for 24 h in thermomixer C (Eppendorf). 695 

Following treatment, cultures were plated on TSA and incubated at 37 °C until colonies 696 

developed. A single small colony displaying was isolated and re-inoculated into fresh TSB 697 

supplemented with 500 µg/ml ZnO NPs, followed by incubation for another 24 h under 698 

identical conditions. This passaging process was repeated for 14 successive cycles (P1-699 

P14), with a single SCV colony selected at each stage to initiate the next round of 700 

nanoparticle exposure. After the 12th passage, ZnO NPs were withdrawn to evaluate the 701 

phenotypic stability of the enriched population. Colonies that retained SCV features-702 

including reduced size and loss of pigmentation-in the absence of ZnO NPs were 703 

considered phenotypically stabilized.  704 

 705 

d. Growth profiling and generation time  706 

Standard disc diffusion assays were performed using the Kirby-Bauer method to compare 707 

the antimicrobial susceptibility profiles of WT and SAW1SCV S. aureus strains. Overnight 708 

cultures of both SAW 1C and SAW 1SCV isolates were diluted in fresh TSB to an initial 709 

optical density (OD₆₀₀) of 0.01. Aliquots of 200 μl were dispensed in triplicate into a 96-710 

well microtiter plate (Costar, flat bottom), and the plates were incubated at 37 °C with 711 

continuous orbital shaking. 712 

Real-time OD₆₀₀ measurements were recorded at 20-minute intervals over a 24 h period 713 

using a BioTek Synergy microplate reader (Agilent technologies inc, Calfornia, USA). 714 

Growth curves were generated by plotting OD₆₀₀ versus time, and generation times were 715 

calculated from the exponential phase of each growth curve using standard doubling time 716 
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equations. All experiments were performed in three independent biological replicates with 717 

technical triplicates per condition. 718 

 719 

e. Biofilm formation and SYTO 9 staining 720 

 721 

Biofilm formation was assessed using overnight bacterial cultures grown in TSB. The 722 

overnight cultures were diluted 1:100 into fresh TSB supplemented with 0.2% (w/v) 723 

glucose and 200 μL of the diluted suspension was dispensed into sterile, flat-bottom 96-724 

well polystyrene microtiter plates. The plates were incubated statically at 37°C for 24 h to 725 

allow biofilm formation.  726 

Following incubation, the culture supernatant containing planktonic cells was carefully 727 

removed, and the biofilms were gently washed three times with sterile 1× PBS. For viable 728 

biofilm cell enumeration, the attached biofilms were mechanically disrupted by vigorous 729 

pipetting and scraping in 1× PBS to obtain a homogeneous cell suspension. Appropriate 730 

serial dilutions were prepared, plated TSA, and incubated at 37°C for 18-24 h. CFU were 731 

enumerated, and the results were expressed as CFU/ml. 732 

For fluorescence microscopy, the washed biofilms were stained with 50 μL of 2.5 μM 733 

SYTO™ 9 (Invitrogen, Thermo Fisher Scientific) and incubated for 15 min at room 734 

temperature in the dark. After staining, excess dye was gently removed, and the biofilms 735 

were washed once with sterile 1x PBS to minimize background fluorescence. The stained 736 

biofilms were visualized using an EVOS M5000 fluorescence microscope (Thermo Fisher 737 

Scientific). 738 

 739 

f. Antimicrobial Susceptibility Testing  740 

To evaluate the antimicrobial susceptibility profiles of both the SAW 1C and SAW 1SCV  741 
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S. aureus strains, standard disc diffusion assays were performed using the Kirby-Bauer 742 

method. Bacterial cultures were grown to mid-logarithmic phase, and the cultures were 743 

uniformly spread onto TSA plates. Commercially available antibiotic discs (n = 22; 744 

HiMedia, India) were placed on the inoculated plates and incubated at 37 °C for 18-24 h. 745 

Zones of inhibition were measured and antibiotics that exhibited differential susceptibility 746 

between the two strains were further evaluated using MIC testing. MICs were determined 747 

by the broth microdilution method following CLSI protocols. 748 

 749 

g. A549 cell adhesion assay  750 

To evaluate bacterial adhesion to host epithelial cells, a standardized adhesion assay was 751 

performed using A549 human lung epithelial cells.65 On Day 1, A549 cells were seeded 752 

into 24-well tissue culture plates at a density sufficient to reach ~70% confluence and 753 

incubated at 37 °C in a 5% CO₂ humidified atmosphere. Cells were washed with warm 754 

phosphate-buffered saline (PBS), detached using 400 μl of trypsin-EDTA, and 755 

resuspended in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) 756 

and 1% antibiotic-antimycotic solution. The suspension was diluted, and 1 ml of the cell 757 

suspension was added to each well of a fresh 24-well plate. 758 

On Day 2, the medium was replaced with fresh RPMI 1640 medium containing 10% FBS 759 

(antibiotic-free), and cells were incubated overnight to allow attachment and recovery. In 760 

parallel, bacterial strains (SAW 1C and SAW 1SCV) were grown overnight in TSB at 37 °C 761 

with shaking. On Day 3, bacterial cultures were harvested by centrifugation (10,000 RPM, 762 

10 min), washed once with PBS, and resuspended in cold PBS. The suspension was 763 

adjusted to an OD₆₀₀ of 0.20, and 150 μl of this bacterial suspension was diluted into 5 ml 764 

of RPMI 1640 with 10% FBS to prepare the inoculum. Confluent A549 monolayers were 765 

washed with RPMI 1640 and overlaid with 1 ml of the prepared bacterial suspension. 766 
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Plates were briefly centrifuged at 100g for 5 min to facilitate contact and incubated for 1 h 767 

at 37 °C in a 5% CO₂ incubator. 768 

To quantify adhered bacteria, original inoculum was serially diluted (10⁻¹ to 10⁻⁴ in 1x PBS) 769 

and plated on TSA to determine CFU/ml. After incubation, wells were washed three times 770 

with PBS to remove non-adherent bacteria. Adherent cells were released by trypsinization 771 

(150 μL trypsin, 3 to5 min), followed by the addition of 400 μL of 0.025% Triton X-100 to 772 

lyse epithelial cells and release internalized bacteria. The total lysates were vortexed, 773 

serially diluted, and plated on TSA to enumerate adherent and internalized bacteria. After 774 

overnight incubation at 37 °C, colonies were counted, and percent adhesion was 775 

calculated as: % Adhesion = (Adherent and internalized CFU / Original inoculum CFU) × 776 

100 777 

 778 

h. Intracellular persistence assay in THP-1 macrophages 779 

To assess the intracellular survival of S. aureus strains, we performed macrophage 780 

infection assays using differentiated THP-1 human monocytic cells as described in the 781 

previous study. 66,67 782 

THP-1 cells were seeded into 24 well tissue culture plates and differentiated into 783 

macrophages by treating with 100 nM phorbol 12-myristate 13-acetate (PMA) for 72 h. 784 

After differentiation, the cells were washed and maintained in fresh RPMI 1640 medium 785 

supplemented with 10% fetal bovine serum (FBS) for 24 h prior to infection. 786 

Overnight bacterial cultures of SAW 1C, SAW 1SCV and MTCC 14309 strains were washed 787 

twice with 1x PBS and adjusted to an optical density corresponding to a multiplicity of 788 

infection (MOI) of 1:200. The THP-1 macrophages were infected with 1 ml of bacterial 789 

suspension and incubated at 37 °C with 5% CO₂. After 1 h of infection, non-internalised 790 
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extracellular bacteria were removed by washing the wells three times with sterile PBS, 791 

and fresh RPMI 1640 medium containing 10% FBS and 100 μg/ml gentamicin was added 792 

to eliminate remaining extracellular bacteria. The infected macrophages were then 793 

incubated for an additional 24 h.                                           794 

At designated time points-15 min, 1 h, 6 h, 12 h and 24 h post-infection—macrophages 795 

were washed three times with PBS and lysed using 0.025% Triton X-100. The lysates 796 

were serially diluted in PBS and plated on TSA to enumerate viable intracellular S. aureus 797 

as colony-forming units (CFU). In parallel, aliquots of the culture supernatant were also 798 

plated to confirm the absence of extracellular bacteria. 799 

Whole Genome Sequencing analysis 800 

Genomic DNA was extracted from both SAW1C and SAW1SCV using a standard phenol-chloroform 801 

extraction method. The quality and concentration of the DNA were assessed using a NanoDrop 802 

spectrophotometer and agarose gel electrophoresis. High-throughput sequencing was conducted 803 

on the Illumina platform, resulting in paired-end reads. 804 

The raw sequencing data obtained from Illumina platform was stored in FASTQ files, which 805 

contain sequence information (paired-end reads) along with corresponding quality scores (Q 806 

scores).68 Fastpv0.23.2 was used for quality trimming and FastQC v0.12.1 for quality assessment 807 

of Illumina reads.69 The trimming parameters applied were a Q score ≥ 30 and a minimum read 808 

length of 100 at its core along with some pre- and post- assembly steps to improve the overall 809 

assembly.70 This resulted in draft assemblies comprising 41 to 61 contigs across all samples. 810 

Contigs shorter than or equal to 500 bases were filtered out and the final assemblies were 811 

assessed using QUAST v5.3.0. To further assess genome completeness, CheckM v1.2.3 was 812 

used. It provides robust estimates of genome completeness and contamination by using 813 

collocated sets of genes that are ubiquitous and single-copy within a phylogenetic lineage. The 814 
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taxonomy check of PGAP (Prokaryotic Genome Annotation Pipeline) by NCBI was used to assess 815 

the taxonomy of the assembly. This check uses the Average Nucleotide Identity (ANI) tool, which 816 

compares the query genome against the type strains in GenBank to verify the correct taxonomic 817 

classification of the organism. Each assembly reported an ANI value above 98.9% with query and 818 

subject coverages exceeding 92%, leading to a CONFIRMED taxonomic status with HIGH 819 

confidence for all samples. These results validate the correct classification of the assemblies as 820 

S. aureus. The detailed result from the taxonomy check is as follows. The TYGS was used, which 821 

employs the Genome-to-Genome Distance Calculator (GGDC) to compare the user’s genome 822 

against a database of reference type (strain) genomes. Following this comparison, TYGS 823 

constructs phylogenetic trees that include both branch support and indicators of tree likeness. 824 

The genome assemblies of the samples were uploaded to the TYGS platform. TYGS 825 

automatically identified the 10 most closely related type strains for each sample, enabling robust 826 

comparative analysis.71 Species and subspecies assignment was made based on established 827 

dDDH thresholds and a clustering algorithm that emphasizes taxonomic conservatism and 828 

considers nomenclatural priority. The resulting phylogenetic tree included bootstrap support 829 

values, which provide a measure of confidence for each branch, supporting the reliability of the 830 

inferred relationships. The assembled genomes were used for annotation using Bakta v1.9.4 831 

installed locally and with its own database.72 The circular maps of the assembled genome were 832 

generated using an annotated GBFF file using the Proksee server.73 Variant calling was 833 

performed using BCFtools v1.21 on the samples. Variants were filtered to retain only those with 834 

a QUAL score ≥ 20 and read depth (DP) ≥ 30.74 To assess the potential impact of the identified 835 

variants, SnpEff v5.2f  was used to annotate the filtered VCFs obtained from the comparisons. 74 836 

Statistical analysis 837 

 All experiments were carried out in biological replicates unless otherwise noted. The data are 838 

expressed as mean ± standard deviation (SD) or mean ± standard error of the mean (SEM). For 839 
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statistical analysis, we used GraphPad Prism version 9.0 (GraphPad Software, USA). 840 

Comparisons between two groups were made using the unpaired Student’s t-test, while 841 

comparisons among multiple groups were performed using one-way ANOVA. A p-value of less 842 

than 0.05 was deemed statistically significant. 843 

Data Availability 844 

The WGS of S. aureus SAW1 used in this study is available in NIH National Center for 845 
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