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Staphylococci are broadly adaptable and their ability to grow in unique environments has been widely established,
but the most common and clinically relevant staphylococcal niche is the skin and mucous membranes of mammals
and birds. S. aureus causes severe infections in mammalian tissues and organs, with high morbidities, mortalities,
and treatment costs. S. epidermidis is an important human commensal but is also capable of deadly infections. The
development of volatile organic compound (VOC) profiles for the detection and identification of pathogens is an

area of intensive research, with significant efforts toward establishing breath tests for infections.
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| 1. In Vitro and Animal Model Feasibility Studies

Volatile organic compound (VOC) biomarkers for S. aureus infections have been studied at all stages of biological
and chemical translational development IREBIABIE - demonstrating feasibility for diagnosing and characterizing
staph infections in clinical and field settings. Based on the published analyses of S. aureus VOCs, ten analytes
comprise a common S. aureus volatile suite (Table 1) HIEIZIBIBILONLLAZASII4]IS] - Al of these metabolites are
produced by a broad diversity of fungi and bacteria, including coagulase-negative staphylococci, suggesting they
may be produced by universal metabolic pathways €. However, combining the differences in the relative
abundances of these common metabolites with suites of accessory metabolites yields VOC profiles that
differentiate staph from other microbial taxa. In in vitro cultures, S. aureus has been successfully differentiated from
Acinetobacter spp., Candida spp., Clostridium perfringens, Enterobacter spp., Enterococcus spp., Proteus
mirabilis, Klebsiella spp., P. aeruginosa, Streptococcus spp., E. coli, Burkholderia cepacia complex, H. influenzae,
H. pylori, Citrobacter spp., S. maltophilia, Salmonella enterica, Serratia marcescens, Moraxella catarrhalis,
Neisseria meningitidis, S. epidermidis, and S. lugdunensis based on their volatile profiles measured using GC,
direct injection MS, and sensor array technologies (Table 2) MEIEIZI121[14](15][17][18][19][20][21][22][23][24][25][26] The
unique and shared VOC profiles of each taxon form the foundation of in vitro detection and identification
technologies being developed for clinical use [Z4. Differences in the volatile profiles have been extended to in vitro
models of skin wound infection biofilms, where it has been shown that S. aureus can be differentiated from Gram-

negative bacteria, such as P. aeruginosa, and also Gram-positive pathogens such as Streptococcus pyogenes [28l
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(291391, 5. aureus and S. epidermidis also have unique volatile profiles in vitro under a variety of growth conditions,

indicating that infections caused by the former will be differentiable from non-infectious colonization by the latter 2
[61[12][31][32]

Table 1. The canonical VOCs of the S. aureus volatilome.

IUPAC Name Common Name b MW * CAS* KEGG* References
Formula
75-07- [4][6][9]
acetaldehyde ethanal CH3CHO 44 0 C00084
64-17- [4lel[Q14](15]
ethanol ethyl alcohol CoHgO 46 5 C00469
methanethiol methyl CH,S a8 %9 cooa09 [41113]
mercaptan 1
propan-2-one acetone C3HgO 58 67_164_ C00207 [41(61
B S 64-19- [41(6][12][14]
acetic acid acetic acid C,H40,5 60 7 C00033
. 590- [4][6lel
3-methylbutanal isovaleraldehyde CgH100 86 86-3 C07329
3-hydroxybutan-2-one acetoin C4HgO, 88 261330 C00466 (Z8IL]12][14]
123- [4][6][7][11][12]{13]
3-methylbutan-1-ol isoamyl alcohol CgH1,0 88 51.3 C07328 [14][15]
. : - 624- [4I8171113]
(methyldisulfanyl)methane  dimethyl disulfide CoHgSo 94 92:0 C08371
3-methylbutanoic acid isovaleric acid CgH100, 102 ?232 C08262 [4][6][12][13][14]
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by each of the three infection etiologies and the uninfected controls when analyzed by SPME-GC-MS. The breath
volatiles from the rabbit infection models also showed significant differences when analyzed at 24 h post-
inoculation, with six discriminatory VOCs translating from the in vitro to in vivo models. Mouse model studies by
Zhu, Hill, and colleagues determined that SESI-MS breathprinting distinguished between seven of the most
common causes of human bacterial lung infections: S. aureus, H. influenzae, K. pneumoniae, Legionella
pneumophila, M. catarrhalis, P. aeruginosa, and S. pneumoniae 4. They also demonstrated that breath VOCs
could discriminate between infections caused by P. aeruginosa strains PAO1 vs. FRD1, and S. aureus RN450 2
and that the etiology of bacterial lung infections can be correctly classified from early infection to clearance (from
6-120 h post-infection) B2l In studies that exposed mice to live S. aureus and P. aeruginosa, non-infectious but
immunogenic lysates of the bacteria, or saline controls, they found that breathprints of infections are the
combination of bacterial metabolites, host metabolites that are correlated to immune response, and novel
biomarkers that are created by the feedback between pathogen and host during active infection Bl The
involvement of the host immune system in generating VOC biomarkers during staph infections lends further
support for the feasibility of differentiating between infections vs. asymptomatic colonization in humans and

animals.

VOC biomarkers are also being developed to identify clinically important staph strains, such as MRSA and
toxigenic isolates. In 2010, Jia and colleagues performed a proof-of-concept study of methicillin-sensitive S. aureus
ATCC 29213 (MSSA) and methicillin-resistant S. aureus NRS 382 (MRSA) cultivated in vitro and analyzed via
SPME-GC-MS &I, concluding that VOC analysis by GC-MS was suitable for differentiating MRSA and MSSA and
that it may form the basis for an innovative and non-invasive diagnostic platform. These initial findings were
strengthened by a SESI-MS/MS analysis of VOCs produced by isogenic MRSA and MSSA S. aureus strains-
RN450 and 450M, respectively—that genetically differ only by the presence/absence of the SCCmec genes that
confer methicillin resistance 8. In this study, Li and colleagues evaluated the in vitro bacterial metabolic
perturbations caused by antibiotic treatment with ampicillin. They showed that the MRSA and MSSA strains
exhibited discriminately different metabolic profiles under the same growth conditions both before and after
exposure to antibiotics. Further, Bean and colleagues showed that the volatilome differences between S. aureus

RN450 and 450M 2148 aMRGE R RAHL BRGRDARECEPMBHYE I dng infeRIRSIMIABIFREESALEUBY these strains,

even without antibiotic exposure 7. Combined, these studies suggest that VOCs may be used to both detect
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MRSA infections in situ prior to antibiotic treatment failure, and to subsequently monitor antibiotic treatment
efficacy. VOCs have also shown promise for the detection and differentiation of enterotoxic and non-enterotoxic S.
aureus strains 23l —an important issue for food safety—broadening the potential utility of VOC-based diagnostics for

staph.

| 2. Diagnosing Human Infections

VOC signatures detected in human biospecimens can differentiate infected vs. non-infected individuals in
conditions where S. aureus is a prevalent etiology, with new diagnostics for Ventilator-Associated Pneumonia
(VAP) being a common target for volatile biomarkers. An investigation by Schnabel and colleagues of 100 patients
with a clinical suspicion of VAP sampled exhaled breath from the expiratory limb of the ventilators and analyzed the
VOCs using GC-TOFMS B8], Bronchoalveolar lavage (BAL) diagnostic criteria confirmed VAP in 32 patients and
ruled out VAP in 68. Subsequent multivariate statistical analysis of the breath VOC profiles enabled the
identification of 12 compounds that discriminate against VAP+ and VAP- patients with sensitivity and specificity of
approximately 76% and 73%, respectively 8. The BreathDx Consortium recently published results from a study of
93 breath samples from ventilated patients who were enrolled upon clinical suspicion of VAP B2, They identified a
panel of 10 VOCs that had a 96% negative predictive value for differentiating subjects with VAP (diagnosed via
positive BAL cultures) versus those who are culture negative, with potentially important implications for reducing
the overprescription of antibiotics in ventilated patients. Staph-specific biomarkers for VAP are also under
development. In a pilot study of 22 mechanically ventilated patients diagnosed with VAP, 17 of which were
confirmed by positive cultures, Filipiak and colleagues found important overlaps between the in vitro VOCs
produced by S. aureus, E. coli, Candida spp., and hemolytic Streptococcus and the VOCs detected in patients
infected by those pathogens 4%, As observed in mouse model studies, they found that roughly a third of S. aureus
VOCs they had previously detected in vitro were found in the breath of S. aureus-infected patients. The ventilated
patients were sampled longitudinally over three to eight days, and several patients transitioned between infected
and uninfected states during the analysis. Promisingly, several of the potential breath biomarkers for S. aureus
were detected more frequently during periods of infection vs. resolution. Similar encouraging overlaps between S.
aureus VOCs from in vitro bacterial cultures and ex vivo specimens were seen in the analysis of mucus from sinus
infections 21, However, neither study contained sufficient numbers of S. aureus-positive subjects and samples to

confirm these correlations.

The most significant progress in the development of S. aureus VOC biomarkers has come from studies of persons
with cystic fibrosis (CF) lung infections. In an analysis of the VOCs detected in 154 BAL fluid samples from CF
patients with a variety of lung infections, Nasir et al. built models to discriminate samples from S. aureus vs. P.
aeruginosa infections (n = 59), as well as models that discriminate S. aureus positive vs. negative samples (n =
133) [, The former model included 11 VOC biomarkers that had an area under the receiver operator curve
(AUROC) of 0.79, and the latter model was 8 VOCs that could discriminate staph infected vs. uninfected patients
with an AUROC of 0.88. Neerincx and colleagues analyzed the breath of 18 CF patients, 13 of whom had S.

aureus infections, and identified nine VOCs that differentiate infected and uninfected CF patients with sensitivity
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and specificity of 1.00 and 0.80, respectively 42l In both studies, the S. aureus-infected cohort included some
subjects who had co-infections with other pathogens, such as S. maltophilia, H. influenzae, fungilyeast, and
nontuberculous mycobacteria, and the S. aureus-negative cohort included a mix of subjects who had no detected
pathogens and subjects who had other infections. The predictive ability of VOCs to differentiate S. aureus infected

versus uninfected patients in such a complex infection landscape as CF lung disease is notable.

Several studies have demonstrated the feasibility of detecting and characterizing non-respiratory infections by VOC
analysis of ex vivo specimens or in vitro cultures. In a pilot study by Rogosch and colleagues, laboratory-confirmed
bloodstream infections (n = 8) were detected with 100% diagnostic accuracy via E-Nose analysis of tracheal
aspirates of 28 intubated preterm neonates 431, The preclinical detection of late-onset sepsis caused by S. aureus
and CoNS in preterm infants is possible up to three days prior to the onset of symptoms by the analysis of fecal
VOCs using high-field asymmetric waveform ion mobility spectrometry (44, Colorimetric sensor arrays (CSAs) have
been developed to detect patterns of specific VOCs from in vitro cultures, enabling the direct identification of
bacteria and yeast that cause bloodstream infections during blood culture enrichment 2243l | im et al. showed that
a blood culture cap modified to contain 73 VOC color indicators could differentiate S. aureus, S. epidermidis, and
S. lugdunensis from 15 other bacterial taxa after 9 h of culturing with an overall sensitivity and specificity of 95.3%
and 99.7%, respectively, using a CSA library based on more than a thousand blood culture analyses 2. CSAs can
also be used to perform rapid antibiotic susceptibility testing directly from blood cultures by growing aliquots of the
cultures in an antibiotic array and monitoring for bacterial growth via VOC production. Kuil and colleagues analyzed
the performance of the SPECIFIC REVEAL® CSA system for antibiotic susceptibility testing of 96 positive blood
cultures 48, They observed perfect agreement with the categorical results (susceptible, intermediate, or resistant)
provided by the bioMérieux VITEK®2 system for infections caused by Gram-negative bacteria and 91% agreement
for the Gram-positives, including S. aureus. The errors in the susceptibility results for the Gram-positive infections
were due to the misclassification of CoNS, with five S. epidermidis and four other CoONS showing discrepancies for

oxacillin, cefoxitin, or vancomycin.

Few research studies utilizing GC-MS analysis focus on identifying S. epidermidis volatiles RIBIZ2MEY byt as a skin
commensal, there has been interest in how S. epidermidis VOCs contribute to the attraction of mosquitoes.
Verhulst and colleagues demonstrate a profile of eight S. epidermidis VOCs, produced in the context of human
skin, comprising a suite of semiochemicals that attract Anopheles gambiae, a mosquito known to carry malaria 47,
These compounds include dimethyl disulfide, butyl acetate, butyl 2-methylbutanoate, 2-pentadecanone, dimethyl
tetrasulfide, dimethyl pentasulfide, hexathiepane, and the inorganic compound octasulfur. With the universality of
S. epidermidis as a human colonizer but the paucity of information on S. epidermidis VOCs, much work remains to
characterize this bacterium (including strain-to-strain variations) and to determine the similarities and differences of

its volatilome compared to its aggressively pathogenic relative, S. aureus.

| 3. Diagnosing Animal Infections

Several research groups have been exploring the use of VOCs to detect S. aureus in symptomatic and sub-clinical

mastitis in cattle 48I49BABLG2 55 well as the antibiotic resistance status of the infections. By adapting the VOC
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detection to E-Nose and other field-deployable detection devices 2334 |ivestock can be routinely monitored to
reduce the transmission of unnoticed infections and to advance antibiotic stewardship activities through an
enhanced empirical selection of appropriate medications for MRSA. In response to the urgent need to proactively
monitor livestock for antimicrobial-resistant pathogens, Yuan and colleagues propose the implementation of high-
resolution visual and olfactory sensing for enhanced perception of contagious disease among dairy cattle 2. Their
goal is to engineer a novel and heterogeneous digital intelligence structure that exploits the combination of visual
and olfactory data of individual animals during milking. Asymptomatically infected udders potentially exhibit
elevated temperatures that can be recorded by thermal imaging cameras networked to milking robots. During
milking, VOC patterns can also be detected by E-Nose. By constructing high-performance machine learning
models, these artificial intelligence systems may lead the way to innovative precision livestock management. With
the potential to surveil and identify early infectious disease in single animals, this technology could interrupt the
commonplace asymptomatic transmission of S. aureus throughout the herd. This novel approach using artificial
intelligence for perception in uncovering underlying diseases enhances the One Health Antimicrobial Resistance
initiative goals regarding antimicrobial stewardship while diminishing economic losses due to unanticipated
infectious outbreaks.
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