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 24 

Abstract 25 

The human and livestock pathogen Staphylococcus aureus poses a major clinical challenge due to 26 

antibiotic treatment failure. Its resilience is mainly attributed to antibiotic resistance and tolerance 27 

mechanisms related to persistence. Here we investigate how two infection-relevant biotopes, milk and 28 

serum, shape S. aureus pathogenic properties and capacity to withstand environmental stresses. Milk- 29 

versus serum-adapted bacteria show gross differences in envelope physical properties, membrane 30 

fatty acid composition and rigidity, and pigment production, and display distinct proteomic profiles. 31 

Compared to serum, milk adaptation of S. aureus confers extreme resistance to ROS damage, 32 

pronounced antimicrobial tolerance, and accelerated killing in an insect infection model. High level S. 33 

aureus pigmentation in whole milk is stimulated by milk lipids, and is responsible for high ROS 34 

resistance. The remarkable robustness of S. aureus in a milk biotope may signal the need to adjust 35 

antibiotic regimens when treating mastitis infections in humans and livestock.  36 
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Introduction 38 

The opportunist pathogen Staphylococcus aureus causes a wide array of life-threatening diseases that 39 

can affect multiple organs1. Methicillin-resistant S. aureus (MRSA) was first reported in 1961 in the 40 

United Kingdom in a clinical isolate and now accounts for over 60% of S. aureus isolates in US hospitals2. 41 

A decade later, the first foodborne MRSA strain was found in milk from Belgian cows with mastitis3. 42 

MRSA Staphylococci are now common pathogens isolated from mastitis milk and pose a significant 43 

health concern in dairy cattle4,5. The recovery time after infection can be long in cows because S. aureus 44 

can persist in teat canals, teat lesions, and mammary glands. During this period, milk is unsafe for 45 

human consumption and infected animals can serve as a reservoir for staphylococcal transmission to 46 

humans5. Mastitis is estimated to cost the global dairy industry up to 35 billion USD per year6.  47 

 Upon infection, S. aureus responds to environmental cues by adjusting expression of virulence 48 

determinants including secreted and envelope-associated molecules7, major metabolic 49 

reprogramming, and cell envelope remodeling8,9. Numerous systematic studies generated inventories 50 

of factors whose expression is altered in milk and serum10,11. However, the bacterial state, and the 51 

specific fitness factors associated with growth, survival and antibiotic adaptation in these infection-52 

relevant environments have received little attention.  53 

The Gram-positive bacterial envelope comprises a complex semipermeable macromolecular 54 

layer that optimizes bacterial fitness by sensing and responding to environmental signals. Fatty acids 55 

(FAs), the building blocks of membrane phospholipids, play a significant role in staphylococcal survival 56 

and adaptation to variable food and animal environments. Membrane FA composition impacts 57 

membrane fluidity, energy production, and virulence regulation, which determine how well bacteria 58 

withstand environmental stresses12-14. The S. aureus FA synthesis pathway (FASII) produces saturated 59 

branched-chain and straight-chain FAs15. In addition, S. aureus, like most known bacteria, scavenges 60 

environmental/host FAs, and incorporates them into its membrane phospholipids16-20. It is notable that 61 

these dynamic adjustments in response to exogenous FAs impact membrane properties and modulate 62 

bacterial function and survival to external stresses21,22. S. aureus also synthesizes the carotenoid 63 

pigment staphyloxanthin, which is embedded in the membrane via its rigid, planar structure and FA 64 

and isoprenyl lipid tails. Staphyloxanthin reinforces membrane structural integrity by reducing fluidity 65 

and favoring lipid packing. It is also implicated in membrane protein organization. Increased membrane 66 

rigidity may enhance its mechanical strength, and explain greater tolerance to environmental and host 67 

immune-mediated stress20,23-25. 68 

S. aureus is notorious for its adaptation and virulence capacities in numerous biotopes. Here, 69 

we investigated S. aureus phenotypic properties in two environments relevant to infection, milk and 70 
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serum. We report that both these environments modify S. aureus envelope and membrane properties, 71 

and protein production, but not in the same way. Unexpectedly, compared to serum, milk adaptation 72 

confers a marked fitness advantage, with a higher infectivity in vivo. These results have direct 73 

implications for S. aureus human and livestock mastitis, and for septic infection. 74 

 75 

Results 76 

S. aureus grown in milk or serum preferentially incorporate exogenous FAs in membrane 77 

phospholipids. Growth kinetics of MRSA derivative JE2 was first compared in laboratory (BHI) medium, 78 

milk, and serum over a 24h period. S. aureus grew robustly in 100 % raw cow milk or in BHI, with no 79 

visible latency phase (Fig. 1a). In contrast, MRSA growth in 100% adult bovine serum was preceded by 80 

a pronounced latency phase. Delayed growth might be due to inhibitors and/or stress conditions in 81 

bovine serum, e.g., linked to immunoglobulins, poor iron availability, and the presence of 82 

polyunsaturated FAs that exert antimicrobial activity against staphylococci26. In contrast to the 83 

observed multiplication of S. aureus in bovine serum, S. aureus reportedly survived but did not 84 

replicate in human serum10. In our conditions, growth initiated after six hours, i.e., beyond the usual 85 

test period; this, and/or species-specific serum variations may underly these differences. S. aureus cells 86 

grown and adapted to the two media will be referred to as serum-adapted and milk-adapted cells.    87 

Numerous bacteria including S. aureus incorporate environmental FAs directly in membrane 88 

phospholipids 16,20,27. We analyzed exogenous FA incorporation upon S. aureus growth in serum and 89 

milk by comparing their FA profiles with that of bacteria grown in BHI, which contains only trace 90 

amounts of FA. S. aureus FA profiles displayed differential incorporation of medium-derived FAs (Fig. 91 

2b). BHI-grown S. aureus produced FAs corresponding to those synthesized by FASII, i.e., anteiso 92 

branched-chain FA ai15 and its elongation products ai17, and straight-chain FAs C18:0 and C20:0 (Fig. 93 

1b), as reported15,20,28. By contrast, ai15 was a minor species in S. aureus grown in either bovine serum 94 

or milk (Figs. 1b and 1c). We also compared FA profiles of the JE2 strain with those of an isogenic ΔfabD 95 

mutant grown in serum and milk under similar conditions. FASII activity is turned off in strains lacking 96 

a functional fabD gene, which encodes the FASII initiation FabD protein (malonyl CoA-acyl carrier 97 

protein transacylase)28 (Supplementary Fig. 1). The ΔfabD strain, which relies on exogenous FAs, was 98 

able to replicate in serum and milk confirming that S. aureus can efficiently incorporate FA from these 99 

two media (Supplementary Fig. 2). Moreover, the FA profiles of both wild type (WT) and fabD strains 100 

reflected the FA composition of the medium in which they were adapted (Fig. 1b).  101 

The WT S. aureus FA profile comprised both self-synthesized FA species and C18:1, which is 102 

necessarily incorporated from the medium as S. aureus does not synthesize unsaturated FAs 103 
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(Supplementary Table 1 and Fig. 1c). Additional FA elongation products appeared in the WT strain, but 104 

not in fabD whose FASII activity is disabled (Fig. 1b). Although ai15 comprises < 3% of total FAs in cow 105 

milk29 and was not detected in the milk extract, it represented 10% of FA present in the ΔfabD mutant. 106 

Surprisingly, no C18:0 was detected in the ΔfabD mutant adapted to milk, suggesting a bias towards 107 

incorporation of short chain saturated FAs, possibly including trace amounts of ai15 (Fig. 1c). The 108 

serum FA profile is more complex than that of milk, and in particular comprised long-chain unsaturated 109 

and polyunsaturated FAs (C18:1, C18:2, C18:3, C20:3 and C20:4) (Fig. 1b, middle profile). These FAs 110 

were incorporated in both ΔfabD and JE2 strains (Fig. 1b and 1c, and Supplementary Table 1). 111 

Elongated FA products were proportionately greater in milk- than in serum-adapted bacteria (Fig. 1b 112 

and 1c). Serum is rich in polyunsaturated FAs, which inhibit growth and the FASII pathway30.  113 

While serum and milk are both lipid-rich, their FA compositions differ, and S. aureus displays a 114 

different FA profile reflecting the lipid resources of each biotope. Consequently, FA profiles of WT and 115 

ΔfabD (FA auxotroph) strains were similar for a given medium, confirming that in these environments, 116 

S. aureus preferentially incorporates exogenous FAs rather than synthesizing them de novo. The 117 

markedly different FA profiles of the same strain cultivated in different environments (JE2 profiles in 118 

Fig. 1b and 1c) led us to speculate that bacterial phenotypes would be impacted. 119 

Serum and milk have inverse effects on membrane fluidity. We considered that greater proportions 120 

of polyunsaturated FAs and overall lower FASII-mediated elongation in serum may impact membrane 121 

fluidity. We assessed membrane fluidity of milk-, serum-, and BHI-adapted S. aureus JE2 using the 122 

membrane fluidity-sensitive dye Laurdan31. Laurdan intercalates into the membrane bilayer and 123 

exhibits a fluorescence emission wavelength shift dependent on the amount of adjacent water 124 

molecules31, which depends on the packing density and fluidity of the lipid bilayer. Serum-adapted 125 

bacteria showed the greatest membrane fluidity, followed by BHI, while milk-adapted JE2 showed 126 

significantly lower membrane fluidity (Fig. 1d). The difference associated with serum- and milk-127 

adapted conditions was also seen in the fabD mutant (Fig. 1d). Increased membrane fluidity of serum-128 

adapted S. aureus is consistent with the greater proportion of polyunsaturated FAs C18:2 and C18:3 129 

(Fig. 1b and c), and is in line with looser lipid packing. In contrast, proportionately greater long-chain 130 

FAs in milk-adapted S. aureus cultures would favor greater membrane rigidity. Other membrane 131 

structures may also be contributing factors (see below). Collectively, these findings indicate that S. 132 

aureus membrane composition and fluidity are dynamically and differentially affected by FA-rich 133 

environments. In both media, S. aureus membrane FAs are dominated by exogenous FAs, albeit under 134 

very different physiological conditions. Milk appears to provide a more favorable environment for S. 135 

aureus growth than serum; the absence of potentially toxic polyunsaturated FAs in milk may be one 136 

reason for better growth.     137 
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S. aureus envelope thickness, permeability, surface charge, and hydrophobicity vary between serum, 138 

milk, and BHI environments. The extreme differences in membrane FA composition, lipid packing 139 

density and membrane fluidity, suggested that other physical and functional S. aureus properties might 140 

vary between serum, milk, and BHI cultures. Transmission electron microscopy performed on ultrathin 141 

cross-sections of S. aureus stationary phase cells revealed well-separated spherical cocci (Fig. 2a). 142 

Envelopes of the milk-adapted S. aureus JE2 were markedly thicker than those of serum- or BHI-grown 143 

cells (Fig. 2a and Supplementary Fig. 3). Quantitative analysis of envelope thickness, excluding the 144 

thread-like structures around serum-adapted cells, confirmed that envelopes of milk-adapted JE2 were 145 

about 2-fold thicker than those of serum- or BHI-grown bacteria (39.4 nm compared to 22-29 nm 146 

respectively, Fig. 2b). Moreover, cross-sectional quantification of cell outer diameters showed that 147 

serum-adapted S. aureus were smaller compared to the two other groups (0.69 µm compared to 0.87-148 

0.89 µm respectively, Fig. 2c). Despite the significantly thicker envelopes of milk-adapted cells 149 

compared to BHI-grown cells, their outer cell diameters were comparable. 150 

Serum-adapted JE2 displayed irregularly textured surfaces compared to the smooth surfaces of 151 

milk- and BHI- grown bacteria (Fig. 2a and Supplementary Fig. 3).  We asked whether the textured 152 

surfaces corresponded to peptidoglycan fragments on the cell surface, as reported in human 153 

serum10,32. Bodipy-Vancomycin, a cell wall-specific probe that binds to the D-Ala-D-Ala moiety, was 154 

used to evaluate differences in peptidoglycan staining in serum-, milk-, or BHI-grown S. aureus 155 

(Supplementary Fig. 4). Vancomycin binding was significantly greater in bacteria grown in serum 156 

compared to those grown in BHI (as shown previously32,33) or in milk (Fig. 3a). Markedly lower 157 

vancomycin binding in milk-adapted bacteria may be due, at least in part, to impeded antibiotic 158 

penetration through the thickened cell envelope, a phenomenon that can contribute to resistance in 159 

S. aureus34.  160 

S. aureus permeability, autolysis, surface charge, and hydrophobicity were assessed and 161 

compared as a function of the respective growth environments. Permeability was analyzed using the 162 

ethidium bromide (EtBr) diffusion assay which also indirectly measures efflux35. The thick 163 

peptidoglycan layer of Gram-positive bacteria permits small molecules like EtBr to penetrate via 164 

passive diffusion, where it intercalates with DNA, enhancing fluorescence emission. Compared to 165 

bacteria grown in BHI, both serum- and milk-adapted cells showed lower permeability values (Fig. 3b). 166 

Low permeability of EtBr suggests greater resistance of bacteria grown in natural media to the diffusion 167 

of small molecules in and out of bacteria, which could in turn modify bacterial susceptibility to 168 

exogenous drugs. However, since permeability was similar in serum- and milk-adapted bacteria, this 169 

characteristic would not account for differences between the two conditions.  170 
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JE2 sensitivity to autolysis in the serum-, milk-, and BHI-adapted cultures was assessed using a 171 

Triton X-100 based assay35. Autolysis of BHI-grown bacteria was nearly complete at 5 h post-treatment, 172 

while that of serum-adapted bacteria was less pronounced (15 % and 55.5 % of the initial optical 173 

density, respectively). Strikingly, no autolysis was detected in milk-adapted bacteria (Fig. 3c). This 174 

correlates with the significantly thicker cell envelopes observed by electron microcopy (Fig. 2a) and 175 

might suggest that S. aureus autolysin activity is lower in milk. Weakly lytic bacteria are associated with 176 

increased virulence and resistance to antibiotics36,37.  177 

Surface charge and hydrophobicity of JE2 were assessed according to growth medium by zeta 178 

potential measurements and affinity through a biphasic partitioning assay, respectively. The S. aureus 179 

electrostatic charge is conferred by numerous surface factors including membrane and cell wall 180 

proteins, ionized phosphoryl groups of the wall teichoic acid (WTA) and lipoteichoic acid (LTA), and 181 

unsubstituted carboxylate moieties of peptidoglycan that are exposed to the external environment38. 182 

Milk-grown bacteria displayed a less negatively charged surface than serum- or BHI-grown bacteria 183 

(Fig. 3d). Biphasic partitioning assay showed that milk-adapted JE2 cells were also significantly more 184 

hydrophobic than either serum- or BHI-adapted bacteria, such that milk>>serum>>BHI (Fig. 3e).  185 

Taken together, milk and serum environments provoke discrete changes in the S. aureus envelope, 186 

likely through alterations in cell wall architecture and surface-associated molecules (Fig. 3f). 187 

Permeability was comparable in serum- and milk-adapted bacteria, suggesting that this property was 188 

not intrinsic to medium-specific adaptations. In contrast, milk-adapted S. aureus is distinguished by 189 

reductions in membrane fluidity, negative surface charge, autolysis, and vancomycin binding, but 190 

greater envelope thickness and hydrophobicity. These features may affect S. aureus fitness when 191 

adapted to a milk medium.  192 

Proteomic analysis in milk-adapted, serum-adapted, and BHI-grown S. aureus. We expected that the 193 

distinct morphological and physicochemical properties of S. aureus in serum and milk environments 194 

would correlate with altered bacterial protein expression. A label-free quantitative proteomics 195 

approach was used to identify S. aureus factors specific to the serum and milk biotopes, with BHI-196 

grown bacteria as reference (Fig. 4a). A principal component analysis (PCA) based on imputed LFQ 197 

(label-free quantification) intensities for which proteins needed to be present in at least 50% of the 198 

samples in one group showed that the biological replicates clustered together, while hierarchical 199 

clustering analysis revealed significant variations in protein profiling between conditions 200 

(Supplementary Figs. 5 and 6). The proteome contained a total of 1355 proteins among the three 201 

groups, of which 44 and 41 were unique for serum- and milk-adapted cells, respectively; 57 proteins 202 

were detected in serum and milk, but not in BHI (Fig. 4b, Supplementary Data 1). In addition to the 203 
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differentially detected proteins, some 600 proteins were enriched in a given category compared to the 204 

BHI-grown controls (using a p-value threshold of <0.05 and a fold change [FC] threshold of >1.5 or < 205 

0.67) (Supplementary Fig. 6). A volcano plot revealed that in total 922 proteins were variable in serum- 206 

and milk-adapted conditions, of which 467 were significantly upregulated and 455 were significantly 207 

downregulated in serum-adapted vs. milk-adapted bacteria (P < 0.05) (Fig. 4c and Supplementary Data 208 

1). Compared to the BHI-grown controls, 672 proteins were differentially expressed in milk (332 up-209 

regulated and 340 down-regulated) and 642 in serum (443 upregulated and 209 downregulated 210 

proteins) (Supplementary Fig. 7). 211 

We screened for membrane-related functions that might explain the observed morphological and 212 

physical differences of S. aureus in the 3 conditions. Among them, proteins related to lipid synthesis 213 

were most abundant in serum -adapted samples (Fig. 4d). This was initially unexpected as no FASII-214 

mediated elongation of incorporated exogenous FA was observed in serum (Fig. 1b). We may speculate 215 

that poor growth in serum could stimulate FASII, while the overwhelming abundance of lipids present 216 

in milk (~4% lipids) might suppress production of lipid synthesis-related proteins 30. 217 

Lipidated molecules are common membrane components that contribute to bacterial interactions 218 

with the environment and membrane integrity. Lipoproteins are frequently receptors that sense the 219 

environment and are involved in metabolite and nutrient homeostasis39. Approximately half of the 36 220 

detected putative lipoproteins were enriched in milk-adapted, compared to serum-adapted bacteria 221 

(Fig. 4d). Increased lipoprotein levels may reflect the active metabolism of milk-growing bacteria. 222 

Additionally, LTA synthase (LtaS) is required for synthesis of LTA, which contributes to bacterial 223 

envelope integrity and autolysin control, and is implicated in virulence40,41. LtaS levels were higher in 224 

milk- than in serum-adapted bacteria (Fig. 4d), which correlates with reduced autolysis in milk-adapted 225 

bacteria42 (Fig. 3c).  226 

The physical features of milk-adapted S. aureus may be linked to other proteomic differences. The 227 

GraRS two component regulator is implicated in envelope thickness/autolysin resistance, and 228 

vancomycin tolerance10. Here, GraS (SAUSA300_0646) was only detected in milk-adapted bacteria and 229 

thus correlates with thickened cell wall and autolysis resistance phenotypes (Figs. 2, 3c, and 3d; 230 

Supplementary Table 2). Cell surface charge reportedly relates to two main structures: the negatively 231 

charged LTA and the positively charged lysyl phosphatidylglycerol43. LTA represents ~12 Mole % of 232 

surface lipids44, but its charge is diminished by alanylation involving DltD poly-D-alanine transfer 233 

protein (SAUSA300_0838). DltD levels are highest in milk-adapted bacteria (Supplementary Data 2), 234 

which might lower global surface charge. In contrast, phosphatidylglycerol lysyltransferase MprF 235 

(SAUSA300_1255), which adds a positive charge to phospholipids, is less expressed in milk. Further 236 
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studies will be needed to confirm the functions responsible for surface charge decreases in milk. Higher 237 

levels of GraS and DltD may contribute to these changes.  238 

Unexpectedly, milk- but not serum-adaptation led to differential increases in virulence factors 239 

(Fig. 4e, Supplementary Fig. 8). They include six components of the Type VII secretion system 240 

(Supplementary Data 2); of note, the Type VII components are induced by FAs45, which are highly 241 

abundant in milk. The Cys-tRNA(Pro)/Cys-tRNA(Cys) deacylase efflux system and the multidrug efflux 242 

pump quinolone resistance protein NorB are uniquely expressed in milk- and serum-adapted cells, 243 

respectively. The efflux activity of these systems might contribute to the low diffusion of EtBr in the 244 

permeability test in both conditions (Fig. 3b). The iron-regulated surface determinants (Isd system), 245 

which acquire heme under nutrient limitation46, were upregulated in serum-adapted cells. This is 246 

consistent with known iron-deficiency of serum26 which could also lead to slow growth (Fig. 1a). Iron 247 

starvation may disrupt the electron transport chain leading to accumulation of reactive oxygen species 248 

(ROS)47. Indeed, damage repair and ROS proteins, such as AhpF, KatA, MsrA1, ClpC, and GroEL are up-249 

regulated in serum-adapted cells (Fig. 4f), supporting this hypothesis. Furthermore, polyunsaturated 250 

FAs incorporated from serum are subject to oxidation and may stimulate production of oxidative repair 251 

proteins48. We can suppose that bacteria adapted in the hostile environment imposed by serum may 252 

be more vulnerable to further oxidative stress or antimicrobials. The significance of the distinguishing 253 

properties of milk- and serum-adapted S. aureus led us to examine bacterial tolerance to stress 254 

according to their environmental history. 255 

Intense pigment production by milk-adapted S. aureus contributes to stress resistance. The S. aureus 256 

pigment staphyloxanthin constitutes a first line of defense against oxidative stress49,50. Milk-grown S. 257 

aureus showed pronounced pigmentation (Fig. 5a). Spectral profiles confirmed the presence of a triple-258 

peak characteristic of staphyloxanthin50 (Fig. 5b). Pigment was also detected in extracts of BHI-grown 259 

S. aureus. In contrast, pigment in serum-adapted cell extracts was below detection levels. 260 

Staphyloxanthin contributes to rigidifying the bacterial membrane24,50,51. The high degree of 261 

pigmentation in milk-grown S. aureus compared to serum also correlates with the marked differences 262 

in membrane fluidity in these conditions (Fig. 1d).  Interestingly, greater pigmentation in milk-adapted 263 

S. aureus did not correlate with the proportion of membrane-derived ai15, the FA moiety of 264 

staphyloxanthin52. Possibly, low amounts of ai15 present in membrane phospholipids are sufficient for 265 

production of staphyloxanthin; alternatively, the FA moiety on staphyloxanthin might be variable when 266 

ai15 is unavailable. 267 

As staphyloxanthin pigment comprises a lipid moiety49, we asked whether the milk lipids affect 268 

staphyloxanthin production. Plates containing whole milk, skim milk, or skim milk supplemented with 269 
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milk cream (adjusted to 4% as present in whole milk) were spotted with the same JE2 cultures (Fig. 5c). 270 

Pigment was visibly lower at 48h on the skim milk plates. This result shows that lipids in the milk 271 

environment are required for high pigment expression.  272 

The observed differences in pigmentation (Fig. 5a), membrane fluidity (Fig. 1d), and levels of stress 273 

response proteins (Fig. 4f) between milk- and serum-adapted S. aureus suggested that these growth 274 

conditions differentially impact bacterial susceptibility to oxidative and antimicrobial stress. Strikingly, 275 

treatment by singlet oxygen species (generated by 6 μg/ml methylene blue under visible light 276 

illumination) resulted in a 4-log greater resistance to killing in milk-adapted bacteria compared to 277 

serum-adapted cells (Fig. 6a). It was possible that milk components stayed bound to bacteria despite 278 

extensive washing, and interfered with the effects of ROS. To address this, serum-grown JE2 was 279 

incubated in raw milk for 1h (a time insufficient for regrowth), to enable milk molecules to adsorb, and 280 

were then washed and exposed to singlet oxygen. Post-incubation (pi) in milk had no effect on 281 

susceptibility of serum-grown S. aureus to singlet oxygen (Fig. 6a), indicating that the resistance 282 

phenotype observed in milk was directly due to the S. aureus cell state.  283 

The role of staphyloxanthin in ROS tolerance was determined by testing a non-pigmented JE2 crtM 284 

transposon mutant (crtM::Tn) deficient in dehydrosqualene synthase (CrtM), which catalyzes the first 285 

step of staphyloxanthin biosynthesis49. The milk-adapted crtM mutant was more sensitive to singlet 286 

oxygen treatment compared to the parental strain (Fig. 6b). Nevertheless, compared to serum-287 

adapted crtM, the milk-adapted crtM mutant still showed 1-2-log greater survival to singlet oxygen 288 

treatment, indicating that factors other than staphyloxanthin contribute to ROS tolerance. Similarly, a 289 

non-staphyloxanthin-producing strain, RN-R (a S. aureus RN4220 derivative repaired for the fakB1 290 

gene53), showed intermediate ROS survival in milk, while RN-R cells adapted to serum were eliminated 291 

(Supplementary Fig. 9).  292 

The host produces hydrogen peroxide (H2O2) in response to infection54. We compared survival of 293 

milk- and serum-grown JE2 exposed to 1.5% H2O2 in PBS. However, no killing was observed in any 294 

bacteria in these conditions (Supplementary Fig.10). Given that S. aureus produces a catalase that 295 

metabolizes H2O2 into O2 and H2O55, we tested the JE2 katA transposon mutant (katA::Tn), a catalase-296 

deficient strain, for H2O2 sensitivity. The milk-adapted katA mutant showed a 1-2-log greater tolerance 297 

to H2O2 than the serum-adapted strain (Fig. 6c).  298 

Together, these results show that milk-adapted S. aureus have a marked survival advantage against 299 

oxidative stress over serum-adapted cells. Greater staphyloxanthin production in milk, which is 300 

stimulated by lipids, confers the major survival advantage. Overall, the comparatively increased 301 
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sensitivity of serum-adapted S. aureus to oxidative stress compared to that in milk (Figs. 6a-c) indicates 302 

that increased levels of stress response proteins may not confer greater bacterial fitness.  303 

Milk growth increases S. aureus phenotypic resistance to front-line antibiotics and a bacteriocin. 304 

Numerous studies associate oxidative stress adaptation to antibiotic resistance5,9,56. High oxidative 305 

stress tolerance of milk-adapted S. aureus led us to ask whether sensitivity to ciprofloxacin, 306 

vancomycin, or nisin was also altered in the milk biotope. Ciprofloxacin inhibits DNA replication by 307 

blocking gyrase and topoisomerase, and induces oxidative stress57,58. ROS scavengers, such as ascorbic 308 

acid, exacerbate ciprofloxacin antibacterial activity59. Vancomycin, a last-resort antibiotic to treat 309 

MRSA infections, targets the D-Ala-D-Ala moiety of peptidoglycan precursors to inhibit peptidoglycan 310 

crosslinking; it also binds to lipid II58.  Nisin, a bacteriocin primarily used as a food preservative, docks 311 

to peptidoglycan precursor lipid II to permeabilize the membrane and inhibit cell wall synthesis58.  312 

 Serum- or milk-adapted S. aureus were washed and tested for antimicrobial sensitivity by a 313 

dilution assay. Serum-adapted cultures were the most susceptible to all three antimicrobial 314 

treatments, while milk adaptation conferred the highest resistance (Fig. 6d). Antibiotic sensitivity was 315 

augmented in crtM mutants, particularly in milk-adapted conditions (Fig. 6d).  316 

Greater antimicrobial resistance in milk may be multifactorial: (i) ROS exacerbates ciprofloxacin, 317 

but not vancomycin or nisin sensitivity. This was confirmed by measuring antibiotic inhibition zones 318 

without or with ascorbic acid addition (Supplementary Fig. 11). Ciprofloxacin-generated ROS causes 319 

more damage in the crtM mutant, which shows accrued ROS sensitivity compared to the WT strain 320 

(Fig. 6a). (ii) Greater membrane rigidity and a thicker envelope of milk-adapted bacteria (Figs. 2 and 321 

3a) might reduce nisin and vancomycin accessibility to D-Ala-D-Ala moieties. In addition, lower levels 322 

of the regulator SarA (SAUSA300_0605) in milk-adapted bacteria (Fig. 4c, Supplementary Data 1) 323 

correlates with vancomycin resistance60. (iii) Interactions of positively charged antimicrobials like nisin 324 

with bacteria may be affected by surface charge; reduced negative charge in milk-adapted S. aureus 325 

(Fig. 3d) might lower nisin binding. These considerations suggest that various properties of milk-326 

adapted S. aureus led to phenotypic antimicrobial resistance. The specific contributions of these 327 

properties needs to be examined in future work. The above data illustrate the importance of the 328 

environment for determining stress resilience and antimicrobial tolerance of bacteria. Greater fitness 329 

of S. aureus adapted to milk compared to serum indicates that a single bacterium may have widely 330 

varied fitness states and that milk-adapted bacteria are well equipped to survive hostile conditions 331 

during infection. They also suggest that mastitis infections in mammals carrying milk might require 332 

specific approaches for treatment. 333 
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Milk-adapted S. aureus has increased virulence in an insect larvae model. We used a Galleria 334 

mellonella infection model to assess how bacterial history, i.e., S. aureus issued from BHI, serum, or 335 

milk adaptation, affects insect mortality (Fig. 7). Upon infection, G. mellonella produces antimicrobial 336 

peptides and ROS that accumulate in the larval haemocoel, the fluid analogous to blood61. These 337 

properties and the use of large cohorts make G. mellonella a suitable model to obtain a statistically 338 

significant assessment of S. aureus virulence in a simplified system. Larva (60 per cohort) were injected 339 

with 106 CFU BHI-, serum-, or milk-adapted S. aureus JE2 directly into the hemocoel, or with 340 

physiological saline, and mortality was recorded daily for 3 days (Fig. 7a). Virulence was defined as 341 

increased larva mortality due to infection. Insects infected with milk-adapted JE2 showed the greatest 342 

mortality at 24 h compared to serum- or BHI-grown bacteria (Fig. 7b). These differences diminished 343 

after 48 h, suggesting that the bacterial advantage by its previous environment is transient. We 344 

conclude that adaptation to natural environments can shape S. aureus virulence properties in vivo.  345 

 346 

  347 
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Discussion 348 

Bacterial adaptation is essential for survival in changing environments. The present work reports that 349 

S. aureus exposure to different environments causes specific structural and expression phenotypes 350 

that shape envelope physical properties, membrane composition and rigidity, and tune fitness 351 

functions. Milk-adapted S. aureus is characterized by extreme ROS resistance associated with 352 

pronounced pigmentation, and phenotypic antibiotic resistance. The shift towards greater virulence 353 

factor production in the milk environment supports the hypothesis that bacteria can be primed for 354 

infection, as confirmed in an insect infection model.  355 

Physiological rationale for S. aureus fitness in milk in the context of infection. The physical features 356 

and specificities in protein expression and pigment production of milk-adapted S. aureus explain their 357 

greater fitness in withstanding oxidative and antibiotic stress, and accelerated virulence in the insect 358 

infection model compared to serum-adapted bacteria. These observations are consistent with in vivo 359 

conditions, where S. aureus CFUs are overall low or undetectable in blood but high in organs.  360 

It was initially perplexing that S. aureus virulence potential is activated in a ‘food source’ and is 361 

superior to that in serum. However, S. aureus is among the primary causes of mastitis in livestock, 362 

where udders contain infected milk62. S. aureus that contaminates milk is thus part of the infectious 363 

process, and increased bacterial fitness would exacerbate infection. While USA300 was not implicated 364 

in mastitis in cattle, this lineage was reported to cause breast infections during parturition in women63. 365 

Milk is thus not only a food biotope, but also a possible host reservoir and infection portal. 366 

Since numerous stress response protein levels were significantly higher in serum, we also expected 367 

that adaptation to serum would confer an advantage for stress tolerance compared to milk (Figs. 6a-368 

c). However, the opposite was observed, i.e., oxidative stress tolerance was markedly diminished 369 

compared to that in milk, suggesting that increased levels of stress response proteins may not confer 370 

greater bacterial fitness. Reduced fitness in serum despite the induction of numerous stress-defense 371 

factors reflects the in vivo situation, where S. aureus CFUs are generally low or undetectable in blood 372 

as compared to organs64. We note that serum composition varies between species and individuals, 373 

which may modulate the properties reported here in bovine serum, and in human serum studies 374 

elsewhere10,33. The use of pooled bovine serum and milk sources gives confidence to the reported 375 

properties in each biotope. As a first comprehensive comparative study, it demonstrates that these 376 

two biotopes cause a single bacterium to adapt via very different properties. 377 

A role for membrane lipids in dictating fitness and virulence. Intense S. aureus pigmentation in milk 378 

contributes to greater fitness, in particular to oxidative stress (Figs. 6a-c). We speculate that most 379 

fitness advantages of milk- compared to serum-adapted S. aureus relate to environmental lipids whose 380 
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FA moieties are incorporated into bacterial membranes. Milk contains about 10-fold more lipids than 381 

serum, which are mainly triglycerides that supply incorporable FAs65,66. Bacteria grow similarly in whole 382 

and skim (fat-free) milk67, indicating that milk lipids are not toxic despite their high concentrations. 383 

Both milk and serum lipids markedly alter S. aureus membrane FA composition, but not in the same 384 

way. In both media, FASII-synthesized ai15 and its elongation products are decreased (Fig. 1c). Lipids 385 

from serum but not from milk comprise polyunsaturated FAs, whose incorporation in S. aureus 386 

membranes increases membrane fluidity (Fig. 1d), sensitizes bacteria to ROS damage12,48, and is 387 

associated with antibiotic sensitivity (Fig. 6 a-d).  388 

S. aureus incorporation of milk lipids is required for increased staphyloxanthin pigment formation 389 

(Fig. 5c). Interestingly, a failure to incorporate environmental FAs in a S. aureus fak (encoding fatty acid 390 

kinase) mutant causes a defect in pigment production68, supporting the role of  environmental lipid 391 

incorporation in stimulating pigment formation. Pigment contains lipid moieties, and its production in 392 

milk was the main factor involved in ROS resistance (Figs. 6a-c). This suggests that the gross advantage 393 

of growth in milk relies on changes in S. aureus membrane lipids (pigment is one of them). A study of 394 

milk-induced effects on S. aureus expression, published in the course of our work, highlighted 395 

metabolic factors whose requirements were alleviated in milk11. The 8325-4 lineage used in that report 396 

is defective for FA incorporation due to a fak defect, and fails to produce pigment53,68; therefore, the 397 

effects of milk lipid incorporation on S. aureus fitness as reported here would have gone undetected.  398 

Since 95% of S. aureus carry intact fak genes, we consider that a USA300 derivative is representative 399 

of livestock or clinical strains. Combining information from these studies discriminates between the 400 

effects of milk that rely on host lipids from those that do not. Based on these comparisons and our 401 

findings, we conclude that the major S. aureus fitness advantages upon milk adaptation are related to 402 

membrane lipid alterations, while the physical barrier related to envelope thickening in milk-adapted 403 

bacteria likely contributes to decreased antibiotic sensitivity to vancomycin and nisin.  404 

Methods 405 

Bacterial strains, media and growth conditions. S. aureus strains used in this study are listed in 406 

Supplementary Table 2. Brain heart infusion (BHI) is the base medium of S. aureus cultures unless 407 

specified. The ∆fabD mutant was grown in BHI containing the appropriate FA mixture (C14:0, myristic 408 

acid; C16:0, palmitic acid; and C18:1cis, oleic acid (Larodan Fine Chemicals, Sweden), each added to a 409 

final concentration of 170 µM from 100 mM stocks prepared in DMSO) and adult bovine serum (from 410 

cattle older than 12 months, Eurobio, France) at 10 % final concentration, and is referred to as SerFA 411 

medium. Bacteria were also cultured in commercial organic pasteurized whole milk, skim milk (Lactel, 412 

France), and skim milk containing 30% fat in cream (Franprix, France). Solid plates were prepared by 413 
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adding 20% or 40% of milk products as specified, or 20% of the adult bovine serum to 1.5 % non-414 

nutrient agar (Invitrogen, France) in H2O. S. aureus was cultured in liquid media in aerobic conditions 415 

at 37°C for 18 h to reach stationary phase. To monitor growth kinetics S. aureus overnight cultures 416 

were diluted to an OD600 of 0.025 and grown in different media at 37°C with shaking. Growth was 417 

monitored by measuring OD600 every 30 min or by plating dilutions on BHI agar. Growth curves were 418 

performed based on at least three biologically independent samples. 419 

Construction of a S. aureus USA300 fabD deletion mutant.  plsX and fabG (primers for plsX fragment 420 

were designed based on the JE2 DNA sequence: pMad-plsX_F and plsX_fabG_R; primers for fabG 421 

fragment: plsX_fabG_F and fabG_pMad_R fwd; see Supplementary Table 3) were PCR-amplified from 422 

USA300-JE2 genomic DNA. The pMad thermosensitive vector 69 was digested with SmaI (NEB R0141). 423 

The three fragments were assembled according to the one-step isothermal DNA assembly by the 424 

Gibson protocol (NEB – Gibson Assembly Cloning Kit, France). The mixture was incubated at 50°C for 425 

30 min in a thermocycler (Mastercycler, Eppendorf, France). The ligation mix was used to transform 426 

100 µL chemo-competent E. coli DH5α cells and plated on LB agar with 100 µg/mL ampicillin. PCR on 427 

colonies was performed with pMad oligonucleotides to identify clones. Bacterial plasmid DNA 428 

extraction was performed using QIAprep Spin Miniprep Kit (Qiagen). The pMad-plsX-∆fabD-fabG 429 

plasmid isolated from E. coli was introduced by electroporation into S. aureus RN4220-R (a RN4220 430 

derivative in which the fakB1 defect was corrected53) and transformants were selected at the 431 

permissive temperature (30°C) for resistance to erythromycin (5 µg/mL). Plasmid pMad-plsX-∆fabD-432 

fabG was extracted from RN4220-R with a preliminary lysis treatment of S. aureus cell suspensions 433 

with lysostaphin (100 µg/mL) for 1 h at 37°C, and was used to transform electrocompetent S. aureus 434 

JE2. Chromosomal fabD inactivation was achieved as described70, with the following modifications:   an 435 

overnight preculture was grown at 30°C in BHI medium with 5 µg/mL ery and diluted 100-fold in the 436 

same medium with selection. After 2 h growth at 30°C, the culture was shifted to the nonpermissive 437 

temperature at 42°C for 6h to permit the plasmid integration into the S. aureus chromosome by 438 

homologous recombination. As fabD is essential for S. aureus FA synthesis, exogenous FAs were 439 

provided, and mutant candidates were grown at 42°C on SerFA plates with erythromycin. To select for 440 

the second recombination event, an overnight culture at 42°C of the single crossover mutant was 441 

grown with erythromycin (3 µg/mL) in SerFA liquid medium, diluted 1/1000-fold in SerFA medium with 442 

no selection, and then maintained at 30°C for 6 h to favor plasmid excision. Cultures were plated at 443 

42°C on SerFA for 30 h-48 h. Clones were verified for fabD gene inactivation phenotypes by PCR on 444 

colony and sequencing.  445 

Determination of S. aureus FA profiles. FA profiles were determined as described16. Briefly, for each 446 

condition, bacteria were recovered from plates and resuspended in 0.9% NaCl, centrifuged and washed 447 
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in 0.9% NaCl water solution containing 0.02% Triton X-100, followed by two washes in 0.9% NaCl at 448 

4°C. This washing eliminated lipids from the medium that may adhere to S. aureus cells. Cold cell pellets 449 

were treated on ice with 0.5 mL of 1N sodium methoxide prepared in methanol. FA methyl esters were 450 

extracted after addition of 200 µL of heptane containing methyl-10-undecenoate (Sigma-Aldrich, 451 

France) as internal standard. Samples were vortexed for 1 min and centrifuged to separate the phases. 452 

FA methyl esters were recovered in the heptane phase (top phase)16. Analyses were performed on a 453 

Clarus® 580 Gas Chromatograph (Perkin-Elmer) equipped with a Zebron capillary column 30 m x 0.25 454 

mm x 0.25 µm (Phenomenex). Data was analyzed by TotalChrom workstation software (Perkin-Elmer).  455 

S. aureus membrane fluidity measurement. Bacterial membrane fluidity was determined by Laurdan 456 

generalized polarization (GP)31. An overnight S. aureus JE2 and JE2 ∆fabD cultures in serum, milk and 457 

SerFA were collected, washed once with PBS and incubated in 10 µM Laurdan (Sigma-Aldrich, France) 458 

in the dark under agitation at 30°C for 10 min. The stained cells were washed four times with Laurdan 459 

buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 0.2 % glucose, 1 % DMF) and 460 

transferred to a dark clear-bottom 96-well plates (Corning, France). All solutions and plastics were pre-461 

warmed to 30°C. Laurdan fluorescence was measured between 400 nm and 540 nm under excitation 462 

at 350 nm using a Tecan Spark® at 30°C. Laurdan GP was calculated using the formula: GP = (I440-463 

I500)/(I440+I500). 464 

Transmission electron microscopy (TEM). The JE2 strain was grown to saturation in BHI, serum or milk. 465 

Cells were centrifuged (8000 rpm, 5 min) and then resuspended and fixed with 2% glutaraldehyde. 466 

Cells were contrasted with 0.5% oolong tea extract in sodium cacodylate buffer as described56. Samples 467 

were embedded in Epon (Delta Microscopy, Labège, France) and thin sections (70-nm) were collected 468 

onto 200-mesh copper grids and counterstained with lead citrate. Grids were observed using a Hitachi 469 

HT7700 electron microscope operated at 80 kV (Elexience, France) equipped with a charge-coupled 470 

device camera (Advanced Microscopy Techniques Corp., Japan). Bacterial envelope thickness was 471 

measured on at least ten cells, taking at least six measurements per cell using ImageJ software. 472 

Statistical analysis was performed using Prism 8 (GraphPad Software, San Diego, CA (San Diego, Ca)) 473 

with the ANOVA test. A P value of <0.05 was considered significant.  474 

Imaging of vancomycin binding to S. aureus. Imaging of vancomycin binding to S. aureus envelopes 475 

was performed using BODIPY™ FL-conjugated vancomycin (Invitrogen, France) to S. aureus JE2 cells 476 

after growth in BHI, serum, or milk. Cells in saturation phase were washed and fixed with 4% 477 

paraformaldehyde in PBS, and then incubated with BODIPY™ FL-vancomycin (3 µg/ml) in PBS for 15 478 

min. Subsequently, cells were washed 3 times with PBS and deposited on glass slides. Slides were 479 

mounted with Vectashield (Vector Laboratories) and visualized with an Axio-Observer Z1 inverted 480 
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fluorescence microscope equipped with a Zeiss AxioCam MRm digital camera and Zeiss fluorescence 481 

filter, using a Zeiss Apochromat 100x/1.4 oil objective. Images were acquired and processed using the 482 

ZEN software package (Zeiss). Quantification of the cells staining was done using open-source imaging 483 

software ImageJ.  484 

Cell permeability assay. S. aureus cells grown in serum, milk and BHI overnight were collected and 485 

washed with PBS. Pellets were resuspended in PBS and the OD600nm was adjusted to 0.5. A 200 µl 486 

aliquot of bacterial suspensions were placed into flat bottom black 96-well plates (Greiner, France), 487 

followed by addition of ethidium bromide (EtBr; 0.01 µg/mL final concentration). Once inside, EtBr 488 

intercalates into DNA resulting in increased fluorescence emission, and was used essentially as 489 

described 35. Fluorescence was measured with an excitation and emission wavelength of 530 nm and 490 

585 nm respectively, every 60 seconds for 60 minutes at 37 °C. 491 

Autolysis assay. To monitor autolysis kinetics, S. aureus overnight cultures were diluted to an OD600 of 492 

0.025 and grown in different solid media at 37°C. Autolysis assays were conducted on stationary phase 493 

cells harvested by centrifugation, washed twice in PBS and resuspended in autolysis buffer (PBS, 0.5% 494 

Triton X-100, pH 7.4). The cell suspensions were then incubated at 37°C with shaking and optical 495 

densities were recorded every hour during 5h.  496 

Electrophoretic Mobility and Hydrophobicity. The electrophoretic mobility of JE2 was determined by 497 

zeta potential measurements using a Zetasizer Pro (Malvern Panalytical Instrumentation, UK) 498 

equipped with a disposable capillary cell (DTS1070). Each sample contained 108 cells/mL, and at least 499 

five independent measurements were performed. Results are presented as mean ± SD. The 500 

hydrophobicity of the bacterial cell surface was assessed using the microbial adhesion to solvents 501 

method, which compares bacterial affinity for a polar solvent (PBS) and a nonpolar solvent (xylene), as 502 

previously described by Pinemonti et al. 35. Briefly, 300 µL of xylene was added to test tubes containing 503 

2 mL of washed bacterial suspensions (108 CFU/mL) in PBS. The mixtures were vortexed for 120 s and 504 

then incubated at 30°C for 10 min to allow phase separation. The aqueous (PBS) phase was carefully 505 

collected with a Pasteur pipette and transferred to a UV–Vis cuvette. Optical density was measured at 506 

400 nm using a Novaspect II spectrophotometer (France). All experiments were performed in triplicate 507 

using three independent biological replicates. 508 

Mass spectroscopy: sample preparation, proteolytic digestion, desalting and nanoLC-MS/MS 509 

analyses. S. aureus JE2 was grown in BHIA, in serum, and in milk plates as above, prepared in 5 510 

independent replicates. Bacteria were collected by centrifugation for 10 min at 7,000 g, resuspended 511 

in 200 µL of lysis buffer (8M urea, 25 mM HEPES, pH 8.0, 5% glycerol, 1mM DTT, 0.2% DDM (n-dodecyl-512 

β-D-maltopyranoside), 1:200 v/v protease inhibitor (Thermo Fisher Scientific, Canada) and 513 
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homogenized (using vortex mixer) for 5 min. The suspension was centrifuged for 10 min at 15,000 g 514 

and the soluble protein extract was separated from the insoluble debris. Protein concentrations were 515 

measured by the Bradford assay using a protein assay kit (Thermo Fisher Scientific) following the 516 

manufacturer’s protocol. The assay absorbance was measured with a spectrophotometer (Novaspec 517 

III, Biochrom) and semi-microvolume disposable polystyrene cuvettes (Bio-Rad) at 595 nm. 518 

Protein extracts (100 µg) were digested using a modified filter-aided sample preparation (FASP) 519 

protocol designed for proteomic analysis71. The digested samples were desalted on disposable Pierce 520 

C-18 tips (Thermo Fisher Scientific) with the addition of C-18 resins from Pierce C-18 Spin Columns 521 

(Thermo Fisher Scientific). Samples were then dried by vacuum centrifugation (Savant SPD111V 522 

SpeedVac Concentrator, Thermo Scientific) and reconstituted with MS grade water with 0.1% formic 523 

acid for MS analysis. 524 

NanoLC-MS/MS analyses were performed as described with some modifications of liquid 525 

chromatographic gradient on an Ultimate3000 nanoRLSC (Thermo Scientific) coupled to an Orbitrap 526 

FusionTM (Thermo Scientific)72. Two µL of protein digests were injected and separated on a column 527 

(15 cm LT x 75 μm i.d. x 365 μm o.d. fused silica capillary, Polymicro Technologies) packed in-house 528 

with Luna C18 particles (Luna C18(2), 3 μm, 100 Å, Phenomenex, Torrance, California, USA). The mobile 529 

phase consisted of a mixture of water/ACN/0.1% (v/v) FA, working at a flow rate of 0.30 μL/min (0-7 530 

min, 2-2% ACN; 7-107 min, 2-38% ACN; 107-112 min, 38-98% ACN; 112-122 min, 98-98% ACN; 122-531 

130 min, 98-2% ACN; 130-140 min, 2-2% ACN).  532 

Data analysis. MaxQuant (Thermo Scientific, version v1.6.17.0)73,74 was used for protein identification 533 

and quantification. A maximum of two missed tryptic cleavages were allowed with precursor charge 534 

bounded between +2 and +7, a 10ppm precursor mass tolerance, and a 0.5 Da fragment mass 535 

tolerance. Moreover, search parameters were set to allow for dynamic modifications, including 536 

methionine oxidation, acetylation on the N-terminus, and fixed cysteine carbamidomethylation. The 537 

search database consisted of a non-redundant protein sequence FASTA file containing the 3,936 538 

entries from S. aureus strain USA300 - Uniprot taxonomy ID 367830 (2024.10.09). Normalized label-539 

free quantification (LFQ) values were obtained by applying the in-built MaxLFQ algorithm73.  540 

Bioinformatics of sample LFQ intensities was conducted using R programming language in 541 

RStudio. Potential contaminants were removed and proteins that were found in at least 4/5 biological 542 

replicates were used for further analysis. To visualize common and unique proteins, a Venn diagram 543 

was created using the VennDiagram package in R where unique proteins were defined as proteins that 544 

were present in 4/5 samples of a particular group and absent in at least 3/5 samples of all other groups. 545 

Additionally, proteins common to all three groups were defined as those present in 4/5 samples of 546 
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each group. To comparatively visualize the whole proteome, a principal component analysis was 547 

conducted. Missing LFQ intensity data was first imputed. The data was then log2 normalized and 548 

scaled. The components were then calculated using the prcomp() function from the stats package. 549 

Principal component 1(PC1) and principal component 2(PC2) were plotted using the ggplot2 package. 550 

The data used to make the PCA plot was then used to make the heatmap with the heatmap package 551 

in R.   552 

Additionally, a GroupWise comparison of the log2 normalized data was performed of common 553 

proteins by conducting a one-way Anova with the aov() function from the stats package. A Tukey’s 554 

Honest Significance Difference (TukeyHSD) test was then used to adjust the p-values. In addition to the 555 

adjusted p-values, the log2 fold change was also calculated. Both parameters, comparing serum versus 556 

BHI, milk versus BHI, and serum versus milk, were plotted to create volcano plots. Overall protein 557 

significance was defined as having an adjusted p value of <0.05 and a minimum FC of 1.5.  558 

Staphyloxanthin pigment quantitation by spectroscopy. Spectral profiles of S. aureus pigment were 559 

assessed as described50. Bacterial cells of the JE2 strain were recovered after 48h growth at 37°C on 560 

20% milk, 20% serum, and BHI agar plates, and adjusted to OD600 = 2 for all samples. For methanol 561 

extractions, bacteria were washed with milliQ water, pelleted and resuspended with 99% methanol. 562 

Cell suspensions were incubated for 5 min in a 55°C water bath, and then cooled 10 min at room 563 

temperature. Supernatants were collected after centrifugation 15 min at 6,000 rpm. Absorbance 564 

profiles of the extracted carotenoids were determined using the Cary 3500 Multicell UV-Vis 565 

Spectrophotometer (Agilent, USA).  566 

ROS sensitivity assays. Tests for S. aureus susceptibility to oxidants were performed in PBS as 567 

described50. For the singlet oxygen assay, 108 S. aureus cells were incubated at room temperature in 568 

individual wells of a 24-well culture plate in the presence of 6 μg/ml methylene blue. The plate was 569 

situated 5 cm from a 100 W visible light source. Bacterial viability was assessed after 3 hr by plating 570 

dilutions on BHIA. Control plates were handled identically but exposed to light in the absence of 571 

methylene blue; no bacterial killing was observed in controls. For hydrogen peroxide (H2O2) tests, H2O2 572 

(1.5 % final concentration) was added to 2 × 109 CFU S. aureus suspensions. H2O2 was replaced by water 573 

in controls. Samples were incubated at room temperature for 1 hr, and then 1,000 U/ml of catalase 574 

(Sigma-Aldrich, France) was added to quench residual H2O2. Milk-adapted and serum-adapted cells 575 

were washed and resuspended in PBS prior to ROS challenge to assure identical test conditions. 576 

Dilutions were plated on BHIA for enumeration of surviving cells.  577 

Antibiotic resistance. Minimal inhibitory concentrations (MIC) of nisin, ciprofloxacin and vancomycin 578 

were determined by microdilution tests for S. aureus JE2 and crtM strains. Overnight cultures in serum, 579 
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milk and BHI agar plates were collected and washed in PBS, and bacterial OD600 was adjusted to 0.5 in 580 

the same buffer. Two-fold serial antibiotic dilutions were generated in U-bottom 96-well plates 581 

(Greiner, France). Wells were inoculated with bacterial suspensions and incubated 16h at 37 °C with 582 

180 rpm shaking. Bacterial viability was assessed by plating dilutions on BHI agar. The MIC was defined 583 

as the lowest concentration of antibiotic that inhibited growth.  584 

G. mellonella virulence assay. G. mellonella larvae (weighing ~250 mg) were reared in INRAE facilities 585 

(Jouy en Josas, France) on pollen and bee wax (La Ruche Roannaise Besachier, France). The rearing 586 

container was maintained at 27°C in a humidified incubator. A total of 200 last-instar larvae used for 587 

the experiment were subjected to starvation for 24 hr at 27°C prior to infection. Based on previous 588 

CFU determinations, 106 CFU S. aureus per larva was determined as an optimal inoculum required to 589 

kill G. mellonella larvae within 72 hr 9. An overnight S. aureus preculture in BHI, serum and milk were 590 

subcultured on corresponding solid plates by spreading a 100 µl aliquot for overnight growth. Each 591 

culture was collected, washed 3 times in PBS, and then resuspended in PBS to obtain 108 CFU/ml. 592 

Larvae were infected by intrahemocoelic injections with 10 μl of bacterial suspensions using a syringe 593 

and needle with an injector pump KDS100 (KD Scientific, ThermoFisher, Illkirch, France). Inocula were 594 

counted after plating onto BHI agar medium. Control larvae were injected with saline alone. Larvae 595 

were incubated in 9 cm diameter plastic dishes (10 per dish) without food at 37 °C. Mortality was 596 

scored at 24-, 48-, and 72-hour post-infection. At least 20 larvae were infected per condition. Results 597 

are presented as the mean ± standard deviation (SD).  598 

Statistics. The significance of experimental differences in oxidant sensitivity, envelope thickness, cell 599 

size and membrane fluidity were evaluated by ANOVA test. Results of the insect in vivo challenge 600 

studies were evaluated by nonparametric t-test (Mann-Whitney U). The data were analyzed using 601 

Prism V8 software (GraphPad). CLSM images were analyzed by ImageJ (v2.9.0; 64-bit). 602 
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 628 

Figure 1. S. aureus growth and exogenous FA incorporation in serum or milk. (a) S. aureus JE2 growth 629 

was assessed by determining CFUs in serum, milk, and BHI liquid medium by plating dilutions on BHI 630 

agar at given time points. Data represent mean ± SD of three independent experiments. (b) Membrane 631 

FA profiles were compared in JE2 (WT) and the ΔfabD FA auxotrophic derivative grown in serum, milk, 632 

or BHI. The JE2 strain cultured in BHI (red profile) synthesizes FAs via FASII, and its FA profile is 633 

dominated by ai15, its elongation products (ai17, ai19) and saturated straight chain FAs (C16:0, C18:0, 634 

C20:0). In contrast, JE2 FA profiles in serum (green) or milk (blue), are both enriched with exogenous 635 

FAs supplied by the medium. The FA auxotroph ΔfabD displays a similar FA profile as that of its 636 

respective medium. Peak heights correspond to relative responses (mV) of each FA in a sample. Major 637 

FAs are indicated; N=3. (c) FA species are presented as the proportions of the total adjusted to 100%. 638 

Shown is the average of three independent experiments. See Table 1 in Supplementary Information 639 

for proportions of each FA per sample. (d) Membrane fluidity of WT JE2 and its ΔfabD derivative 640 

adapted to various media was evaluated using the Laurdan generalized polarization method (Laurdan 641 

GP). Laurdan GP = (I440 − I490)/(I440 + I490), where I440 and I490 are the emission intensities at 440 and 490 642 

nm, respectively, when excited at 350 nm. Individual data points (n = 5 biologically independent 643 

samples) are shown together with mean ± SD. P values were determined by one-way ANOVA (*** 644 

p<0.0001; ** p< 0.0008).   645 
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 646 

Figure 2. Serum and milk modulate S. aureus envelope. (a) Representative transmission electron 647 

microscopy images of milk-adapted and serum-adapted saturated JE2 bacteria. BHI-grown cells are 648 

presented for comparison. Arrows indicate envelope thickness. Scale bar for the upper panels, 500 nm. 649 

The zoom illustrates the highly different S. aureus envelope morphology between the 3 conditions. (b) 650 

Range of cell envelope thickness, and (c) cell sizes of JE2 adapted to BHI, serum, or milk, were 651 

determined on micrograph cross-sections using ImageJ. Each circle represents a measurement for a 652 

single cell. Boxplots of panels show the median diameter distribution (thick line within boxes) and the 653 

degree of variability (amplitude of the box). Error bars indicate SD. Statistical significance was 654 

determined by one-way ANOVA (*** p<0.0001; *, p<0.0160). 655 

 656 

 657 
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 658 

Figure 3. S. aureus physical features are differentially modulated by serum and milk. JE2 cells 659 

prepared in BHI, serum, or milk conditions washed and resuspended in PBS, were assessed for 660 

envelope properties. (a) Peptidoglycan accessibility was determined using an exogenous fluorescent 661 

probe, BODIPY™ FL-vancomycin (3 µg/mL). Fluorescence at 488 nm was measured and quantified using 662 

ImageJ. Graphs represent the mean ± SD of 3 independent experiments per condition. (b) Bacterial 663 

permeability was assessed by the EtBr diffusion assay35. Treatment with EtBr, which emits fluorescence 664 

upon internalization, was followed in bacteria incubated at 37°C. Fluorescence readings (excitation and 665 

emission wavelengths were 530 and 600 nm, respectively) were taken at 1-min intervals over a 60 min 666 

period. Values represent means of 3 biologically independent samples. (c) Sensitivity to autolysis was 667 

compared in cells resuspended in PBS with 0.5% Triton X-100 at time 0. Data presents mean ± SD of 668 

n = 3–4 biologically independent samples. (d) Cell surface charge was measured by electrophoretic 669 

mobilities, determined by zeta potential in bacterial cultures suspended in PBS. Data represent 5 670 

independent runs with 3 replicates per run and are presented as mean ± SD. (e) Hydrophobicity was 671 

determined based on the bacterial affinity between PBS and xylene solvent. The affinity to adhere to 672 

liquid hydrocarbons was estimated by OD600 measurements in the aqueous phase before and after 673 

mixing. Results show the average and range of biologically independent triplicates. P values were 674 

determined by one-way ANOVA (**** p<0.00001; *** p<0.0001; ** p< 0.0008; * p=0.0160). (f) 675 

Schematic summary of S. aureus envelope specificities comparing milk and serum biotopes based on 676 

the physical features demonstrated above. Source data are provided as a Source Data file.  677 
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 678 

Figure 4. Comparative proteomics of BHI-, serum-, and milk-adapted S. aureus. (a) Flowchart for the 679 

study. Bacterial grown in the three conditions and in five independent replicates were harvested from 680 

agar plates after overnight cultures and processed for proteomics analysis. (b) Venn diagram showing 681 

the number of identified proteins detected in each condition, based on the five biological replicates. 682 

Full data is presented in Supplementary Data 1. (c) Volcano plot depicts the magnitude (log2 fold 683 

change) and statistical significance (q-value) comparing levels of the expressed proteins in JE2 between 684 

serum- and milk-adapted cultures. Horizontal dashed lines indicate fold-change threshold, vertical 685 

dashed lines indicate statistical significance threshold (q-value = 0.05). Red spots indicate significantly 686 

upregulated proteins, and blue spots indicate significantly downregulated proteins, comparing serum 687 

to milk cultures. See Supplementary Fig. 6 for volcano plot comparisons of serum vs BHI and of milk vs 688 

BHI. Heat maps of significantly different proteins (Z-scored) related to (d) the FASII pathway, (e) stress-689 

response and (f) virulence, compare BHI-, serum-, and milk-adapted JE2. The expression level scale is 690 

shown at left. All five samples are shown for each condition.  691 

 692 
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 693 

Fig. 5. Milk-adapted S. aureus displays pronounced pigmentation that is stimulated by milk lipids. 694 

(a) Pigmentation was assessed in serum-, milk-, and BHI-adapted JE2 in cell pellets harvested after 24h 695 

and 48h growth. Cell pellets from 2 mL liquid cultures were collected, washed and photographed. (b) 696 

Pigment was extracted from cells and assessed by UV-Vis spectroscopy. A triple peak is due to the 697 

presence of the carotenoids staphyloxanthin, 4,4’-diaponeurosporene and 4,4’-diapolycopene, at ~ 698 

412 nm, 435 nm, and 465 nm respectively. Determination is representative of 3 experiments. (c) 699 

Independent JE2 cultures prepared in BHI were washed and adjusted to OD600 of 0.025 in 0.9% NaCl. 700 

For each culture, 5 µL were spotted on 1.5 % non-nutrient agar supplemented with 40% whole milk, 701 

skim milk, or skim milk supplemented with 4% milk cream. Plates were photographed after 48h.  702 

 703 

 704 

 705 

 706 

 707 

 708 
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 710 

Fig 6. Tolerance to ROS and antibiotic is stimulated in milk-adapted S. aureus, and is diminished in 711 

crtM or katA mutants. JE2 WT and mutant cultures prepared in serum or milk conditions were washed 712 

and resuspended in physiological saline. (a) WT JE2 and (b) a crtM transposon mutant75 bacteria were 713 

untreated or exposed to singlet oxygen, and then serially diluted, spotted on BHI agar and grown 714 

overnight to determine survival. Experiments were repeated at least three times. For JE2 (a) an aliquot 715 

of serum-adapted bacteria was subject to 1 h exposure to milk and then washed prior to singlet oxygen 716 

treatment (at right). Continued high sensitivity allowed us to rule out non-specific effects of milk-717 

bound bacteria. (c) H2O2 sensitivity was compared in milk- versus serum-adapted WT JE2 718 

(Supplementary Fig. 10) and the katA transposon mutant75. For a-c, results are representative of at 719 

least 3 independent experiments. Upper panels show results of representative experiments. Note that 720 

all lanes within one image derive from simultaneously performed experiments, where different plates 721 

were used for determinations. Lower panels, error bars, SD. P values were determined by an ordinary 722 

one-way ANOVA (* p<0.016). (d) MIC, minimum inhibitory concentrations as determined by turbidity 723 

for different antibiotic concentrations after 24 h. Saturated bacterial cultures prepared in the indicated 724 

media were diluted in corresponding medium and dispatched in 96-wall plate. Bacteria were exposed 725 

to antibiotic concentrations in 2-fold dilutions ranging from 8 to 0.125 µg/mL (vancomycin), 0.5 to 726 

0.0075 µg/mL (nisin) and (ciprofloxacin). Bacterial survival in milk was calculated after dilution spotting 727 

on BHI agar. Results are reported as mean of 3 independent experiments.  728 
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 729 

Figure 7. The S. aureus environmental origin affects infection efficacy. The infection capacity of 730 

serum-, milk-, or BHI-adapted S. aureus was compared using the G. mellonella infection model. (a) 731 

Schematics of the In vivo infection assay. Larvae were infected with 106 CFUs of S. aureus JE2 issued 732 

from the 3 conditions. Experimental control groups received PBS. Insect killing was assessed by 733 

melanization. (b) Surviving larvae were counted after 24h, 48h and 72h (n=20 larvae/group; 3 734 

independent experiments); insect survival in PBS treated insects showed no mortality. Data were 735 

analyzed using Kaplan‐Meier with pooled values of biologically independent triplicates (60 samples per 736 

condition). The log-rank (Mantel-Cox) test was used to compare survival curves. Significances between 737 

the 3 groups is indicated: *** p<0.001; * p>0.05; ns: not significant. 738 
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fitness of Staphylococcus aureus and its ability to cope with oxidative stress. Infection and 789 
immunity 74, 4950-4953 (2006).  790 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 3, 2025. ; https://doi.org/10.1101/2025.10.31.685911doi: bioRxiv preprint 

https://www.fortunebusinessinsights.com/bovine-mastitis-market-103482
https://doi.org/10.1101/2025.10.31.685911
http://creativecommons.org/licenses/by-nd/4.0/


30 
 

24 Mishra, N. N. et al. Carotenoid-related alteration of cell membrane fluidity impacts 791 
Staphylococcus aureus susceptibility to host defense peptides. Antimicrobial agents and 792 
chemotherapy 55, 526-531 (2011).  793 

25 García-Fernández, E. et al. Membrane microdomain disassembly inhibits MRSA antibiotic 794 
resistance. Cell 171, 1354-1367. e1320 (2017).  795 

26 Oogai, Y. et al. Expression of virulence factors by Staphylococcus aureus grown in serum. 796 
Applied and environmental microbiology 77, 8097-8105 (2011).  797 

27 Brinster, S. et al. Type II fatty acid synthesis is not a suitable antibiotic target for Gram-positive 798 
pathogens. Nature 458, 83-86 (2009).  799 

28 Morvan, C. et al. Environmental fatty acids enable emergence of infectious Staphylococcus 800 
aureus resistant to FASII-targeted antimicrobials. Nature communications 7, 12944 (2016).  801 

29 Lu, H. et al. Dietary sources of branched-chain fatty acids and their biosynthesis, distribution, 802 
and nutritional properties. Food Chemistry 431, 137158 (2024).  803 

30 Zheng, C. J. et al. Fatty acid synthesis is a target for antibacterial activity of unsaturated fatty 804 
acids. FEBS letters 579, 5157-5162 (2005).  805 

31 Wenzel, M., Vischer, N. O., Strahl, H. & Hamoen, L. W. Assessing membrane fluidity and 806 
visualizing fluid membrane domains in bacteria using fluorescent membrane dyes. Bio-807 
protocol 8, e3063-e3063 (2018).  808 

32 Nega, M., Tribelli, P. M., Hipp, K., Stahl, M. & Götz, F. New insights in the coordinated amidase 809 
and glucosaminidase activity of the major autolysin (Atl) in Staphylococcus aureus. 810 
Communications biology 3, 695 (2020).  811 

33 Hines, K. M. et al. Lipidomic and ultrastructural characterization of the cell envelope of 812 
Staphylococcus aureus grown in the presence of human serum. Msphere 5, 10.1128/msphere. 813 
00339-00320 (2020).  814 

34 Hiramatsu, K. Vancomycin-resistant Staphylococcus aureus: a new model of antibiotic 815 
resistance. The Lancet infectious diseases 1, 147-155 (2001).  816 

35 Pinamonti, D. et al. Prevalence and characterization of Staphylococcus aureus isolated from 817 
meat and milk in Northeastern Italy. Journal of Food Protection 88, 100442 (2025).  818 

36 Leonard, A. C. et al. Autolysin-mediated peptidoglycan hydrolysis is required for the surface 819 
display of Staphylococcus aureus cell wall-anchored proteins. Proceedings of the National 820 
Academy of Sciences 120, e2301414120 (2023).  821 

37 Campbell, C. et al. Accumulation of succinyl coenzyme A perturbs the methicillin-resistant 822 
Staphylococcus aureus (MRSA) succinylome and is associated with increased susceptibility to 823 
beta-lactam antibiotics. MBio 12, 10.1128/mbio. 00530-00521 (2021).  824 
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