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 Methicillin-resistant Staphylococcus aureus (MRSA) is a multidrug-resistant 

superbug that causes infections in immunocompromised and immunocompetent 

individuals. This infection causes more than 300,000 infections and more than 10,000 

deaths, with healthcare associated costs of over $1.7 Billion per year in the United 

States alone. Given the high morbidity and mortality for this pathogen, there is an urgent 

need to identify new treatment modalities against MRSA. One important step towards 

combating this infection is understanding the molecular interaction between commensal 

Staphylococci (those that live on healthy human skin) and MRSA. Staphylococci use a 

cell-density dependent regulatory system known as the quorum sensing accessory gene 

regulator system (agr). The agr system is also responsible for producing virulence 

factors that allow MRSA to proliferate on the host skin. This regulatory system's direct 

output is the auto-inducing peptide (AIP) molecule that is unique to each Staphylococcus 

strain. It is possible to detect the agr system's activity by measuring the concentration of 

the AIP molecule. Some commensal Staphylococci have shown inhibitory activity 

against the MRSA agr system in animal models.  

This project aimed to study the molecular interaction between MRSA and the 

commensal strain S. simulans, S. hominis, and S. warneri. The AIP structures of the 

commensal strains were identified. The co-culture study showed that S. simulans inhibits 

the AIP production of MRSA; however, S. hominins and S. warneri did not induce a 

measurable impact on MRSA AIP production compared to the single culture of this 

species. Two previously identified growth indicator molecules of MRSA, aureusimine A 

and aureusimine B, were monitored in all co-culture samples of MRSA. The abundance 



 
 

of these molecules in samples indicated that MRSA was growing in the co-culture 

samples of S. simulans even though the AIP production in these samples was being 

inhibited. Through untargeted metabolomics and utilization of selectivity ratio analysis, 

the increased abundance of features vs. time was analyzed in the single culture samples 

of MRSA and S. simulans and their co-cultures. Several (five) features were detected in 

the mass spectrometry data that were differentially expressed in the co-cultures versus 

monocultures. Future experiments are planned to identify the molecules associated with 

these features. 
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CHAPTER I 
 

INTRODUCTION 

 
 

Commensal bacterial species coat the human skin and mucosal surfaces. The skin 

is populated by the commensal bacterial genera Staphylococcus, Streptococcus, 

Corynebacterium, and Propionibacterium. Within the Staphylococcus genus, the most 

commonly isolated Gram-positive species are S. epidermidis, S. hominis, S. haemolyticus, 

S. capitis, S. lugdunensis, and S. warneri.1–3 A pathogenic strain within the genus 

Staphylococcus, methicillin-resistant Staphylococcus aureus (MRSA), causes infection in 

both immunocompromised and immunocompetent populations that are complicated to 

treat. According to the 2019 Antibiotic Resistance threats report by the Centers for 

Disease Control and Prevention, MRSA is responsible for more than 323,000 infections 

and more than 10,000 deaths per year in the United States, with an attributed healthcare 

cost of $1.7 billion.4 One important step towards addressing this problem is understanding 

the extensive molecular interactions between beneficial commensal micro-organisms and 

pathogenic ones. 

There is growing evidence that extensive interactions occur between commensal 

bacterial strains against MRSA.5,6 This interaction is mediated by signaling molecules that 

can cause cross-inhibition across different species of Staphylococci.7–9 This competitive 

interaction between MRSA and commensal species changes the pathogenesis of 

MRSA.10–16 Understanding the commensal and MRSA interaction dynamic is crucial 



2 

 

because it can shed light on the mechanisms of MRSA pathogenicity and present possible 

strategies to develop new treatment modalities.  

Cell-to-cell communication in all Staphylococci is accomplished through the 

quorum sensing system, referred to as the accessory gene regulator (agr) system (Figure 

1).17 The agr system in Staphylococci plays a role in cell-to-cell communication. This 

developed mode of communication system has also been associated with the regulation 

of colonization and virulence factors. The agr system is activated by a cell density-

dependent signaling molecule autoinducing peptide (AIP). As bacteria proliferate, the 

concentration of the AIP molecule increases outside of the cell until it reaches a specific 

concentration and binds to a histidine kinase receptor, AgrC, on the surface of the bacterial 

cell. This binding activates the transcription factor, AgrA, that binds to P2 and P3 

promoters. This binding generates an agr locus that produces two primary transcripts, 

RNAII and RNAIII.18–20 Four proteins are encoded by the P2 operon that generates 

the agr-sensing mechanism. The transmembrane protein AgrB is involved in processing 

the AgrD product into a peptide, AIP secretion, and the formation of a cyclic thiolactone 

bond between an internal cysteine and the carboxyl terminus modifies the AIP molecule.21 

This agr system is positively associated with human MRSA infection of the skin and soft 

tissue.16,22,23 It has also been shown that innate immunity against experimental MRSA skin 

infection requires active suppression of agr signaling.1,17,24,25 Therefore, the AIP molecule 

can be used to track the activity of the agr system based on the produced quantity.26 An 

important goal of this study is to track the quantity of the AIP molecule of MRSA in single 

and co-cultures samples with commensal strains S. simulans, S. warneri, and S. hominis.  
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Figure 1. Schematic of the agr system in MRSA. The AIP signaling molecule are secreted and 
processed by an AgrB-dependant process. Binding of AIP to AgrC results in phosphotransfer to 
AgrA, which induces transcription at the P2 and P3 promoters of the agr operon and RNA III, 
respectively.17 

 
 

In recently published results with our collaborators,6 S. simulans AIP, showed 

inhibitory activity against MRSA in murine models. In this study, BALB/c mice were 

intradermally co-infected with equal colony forming units (CFU) of MRSA and S. simulans. 

Mice co-infected with S. simulans and MRSA had significantly decreased dermonecrotic 

lesions over the experimental period (P 0.0001) compared to mice infected with MRSA 

alone. Furthermore, co-infected mice were healthier compared to mice that were infected 

by MRSA alone. These results are demonstrated by mouse weight changes. These results 

show that when S. simulans competes with MRSA, tissue damage is significantly reduced. 
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In vivo studies testing the synthetic AIP from S. simulans (AH4549) against BLAB/c mice 

infected with MRSA showed diminished skin injury. The results from this study 

demonstrate that S. simulans (AH4549) AIP is a quorum sensing inhibitor of MRSA in vivo, 

and it can protect the host from MRSA induced skin injury. 

Recently, metabolites not associated with the agr system have been used to track 

the growth of MRSA. Production of aureusimines by MRSA has been previously 

reported,27 and the production of these molecules are dependent on the ausAB operon, 

which encodes a non-ribosomal peptide synthetase (ausA) and a 4′-phosphopantetheinyl 

transferase (ausB). In early reports, it was suggested that aureusimines were virulence 

regulators in MRSA;28 however, further studies showed that the observed virulence 

inhibitory activity was due to a secondary mutation in the SaeR5 two-component system.29 

Therefore, the biological roles of aureusimines is unknown. In this study, we utilized 

aureusimines as indicators of MRSA growth based on a method previously developed by 

Jones, et al.27 

In this study, the agr system regulating peptide of the pathogen MRSA was 

quantified in the single and co-culture conditions with commensal bacterial strains S. 

simulans, S. warneri, and S. hominis. The commensal AIP was also quantified in the single 

and co-culture conditions to gain insight into the inhibitory activity of commensal strains 

against MRSA. The relative abundance of known metabolites produced by MRSA, such 

as the aureusimines, was also monitored to track the growth of MRSA in the co-culture 

conditions. Finally, the samples were subjected to untargeted metabolomics to screen for 

unique molecules that are either upregulated or downregulated in the co-culture 

conditions.  
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CHAPTER II 
 

METHODS 

 
 
Bacterial Growth and Filtration 

Single colonies (Figure 2-1) of the strains S. hominis (AH5011), S. simulans 

(AH4549), and S. warneri (AH4548) were inoculated in 3 mL of tryptic soy broth (TSB) 

(Figure 2-2) separately and incubated at 37°C with shaking of 250 rpm for 24 hours (Figure 

2-3). For co-culture samples, 150 μL of a commensal strain and 150 μL of MRSA seed 

culture were added to 30 mL of fresh TSB to make 1:200 (culture/TSB) dilution of each 

strain. The single cultures were prepared by transferring 150 μL of the seed culture into 

30 mL of fresh TSB to make the 1:200 dilution samples. All samples were then incubated 

at 37°C with shaking of 250 rpm for up to 18 hours. Samples were collected at 2, 4, 6, 12, 

and 18 hours and transferred to different sections of the 96 well pla te for each timepoint 

to measure OD600 using a Synergy H1 Plate Reader (Figure 2-5). Each sample was 

vacuum filtered in a Multiscreen-GV Filter plate, 0.22 µm pore size hydrophilic PVDF 

membrane (Figure 2-6). All filtered samples were injected into the ultrahigh-performance 

liquid chromatography (UPLC) system (Waters Corporation) coupled to a Q Exactive Plus 

hybrid quadrupole-Orbitrap mass spectrometer (MS) (Thermo Fisher Scientific) for 

separation (Figure 2-7 and Figure 2-8, respectively). 
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Figure 2. Workflow for the experimental methods of bacterial cultures.  

 
 
AIP Identification 

All samples were analyzed using UPLC-MS. A 7-μL injection of each sample was 

eluted from an Acquity UPLC BEH C18 1.7-m, 2.1 by 50 mm column (Waters Corporation) 

at a flow rate of 0.3 mL/min using a 10-minute binary gradient of water (Optima LC-MS 

grade) with 0.1% formic acid and acetonitrile (Optima LC-MS grade) with 0.1% formic acid. 

Mass spectra were collected using two scan events utilizing positive-mode electrospray 

ionization, a full-scan event over a mass range of 300 to 2,000 at a resolving power of 

35,000, and a data-dependent tandem mass spectrometry (MS/MS) scan event selecting 

the calculated m/z values of the predicted AIPs. The mass spectrometer was operated 

using the following settings: capillary temperature set at 300°C, S-Lens radio frequency 

(RF) level set at 80, spray voltage set at 4.0 kV, sheath gas flow set at 50, and auxiliary 

gas flow set at 15. Precursor ions detected in the full scan were selected, with an isolation 

window of 4 Da, and subjected to high-energy collision dissociation (HCD) fragmentation 

at a normalized collision energy of 25. Synthetic standards for each the predicted AIP 
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molecule were purchased from AnaSpec, EGT (Fremont, CA), and subjected to the same 

UPLC-MS analysis. The accurate mass, retention time, and fragmentation patterns for 

synthetic standards were compared to those of putative AIP ions in spent media to confirm 

AIP structures. 

Quantitative Analysis of AIPs 

The AIP concentration of the pathogen MRSA and commensal strains S. simulans, 

S. warneri, and S. hominis were calculated by plotting the AIP molecule’s average peak 

area as a function of the known concentration of the synthetic standard. The synthetic 

standards of the AIP molecules were acquired from Anaspec EGT (Fremont, CA) and 

prepared by serial dilution of a 4.00 μM sample eight times to the minimum concentration 

of 0.03 μM. The standards were all combined in fresh bacterial growth medium TSB and 

analyzed via UPLC-MS. The MS2 fragmentation and retention of each AIP synthetic 

standard were compared to the suspected AIP molecule in each single and co-culture 

sample spent medium.  

Untargeted Metabolomics 

The data collected from the UPLC and MS were analyzed, deconvoluted, 

deisotoped, and aligned using MZmine 2.53 software. These data were then exported to 

MS Excel, where blanks and the background noise were manually removed from the 

sample mass spectral profile. The relative standard deviation (RSD) of the peak area for 

each feature in each culture triplicate was calculated, and features with an RSD value of 

great than 25% were deleted. 
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Selectivity Ratio Analysis 

 The UPLC-MS filtered data were subjected to selectivity ratio analysis.27,30 The 

selectivity ratio was employed to identify features that increased in abundance over time 

in the individual and co-cultured bacterial samples. Selectivity ratio analysis was 

performed using the Sirius 11.5 (Pattern Recognition System AS, Bergen, Norway). 

Selectivity ratio analysis is a strategy to reduce complex mass spectrometric data sets to 

simplified models that allow the identification of features that correlate with a particular 

dependent variable, in this case, growth time.  
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CHAPTER III 
 

RESULTS AND DISCUSSION 

 
 
Commensal Staphylococcus AIP Identification 

 Cell-to-cell communication in all Staphylococcus strains occurs via the agr system. 

This method of communication regulates colonization and virulence factor production.17 

Quorum sensing in the Staphylococci is mediated by the AIP signaling molecule. Most 

Staphylococcus species and subspecies produce a unique AIP molecule.  It is essential 

to identify the structure of the AIP signaling molecule in commensal and pathogenic strains 

within this genus so that AIP production can be used to track the activity of the agr system.  

To identify the AIP structures of commensal species S. warneri, S. hominis, and 

S. simulans, published gene sequence data for AgrD was used in combination with the 

mass spectrometric analysis of spent media. All of the identified AIP molecules are cyclic 

peptides that contain a five amino acid thiolactone ring. This thiolactone ring results from 

the linkage of the sulfhydryl group of the cysteine and the α-carbonyl group of the C-

terminus. For S. warneri, the singly charged, protonated molecular ion ([M+H]+ 960.3914) 

of the AIP molecule was detected. This molecule is a 9-amino-acid AIP (YSPCTNFF) with 

calculated and measured m/z values of 960.3927 and 960.3914 (mass error 1.4 ppm), 

respectively. Synthetic S. warneri AIP was used for additional validation and 

characterization. Liquid chromatography-mass spectrometry (LC-MS) analysis of the 

synthetic AIP showed matching retention time, m/z value, and fragmentation patterns with 

the native AIP structure identified in each S. warneri isolate spent media (Figure  3). 
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The S. simulans AIP was identified by detecting an ion with m/z 1036.5302 in the 

spent media. This ion corresponds to the 9-amino-acid AIP (KYNPCLGFL) that was 

detected with calculated and measured m/z values of 1,036.5286 and 1,036.5302 (mass 

error 1.6 ppm), respectively (Figure 4).6 The identification of the S. hominis AIP was 

possible by detecting the [M+H]+ ion with m/z 957.4140. This ion corresponds to the 9 

amino acid AIP (TINTCGGYF) with calculated and measured m/z values of 957.4140 and 

957.4132 (mass error 0.84 ppm), respectively. The MS/MS fragmentation of the selected 

ions was compared to a synthetic standard to confirm the sequence of the AIP molecules 

(Figure 5). 
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Figure 3. Identification and validation of S. warneri (AH4548) AIP ([M+H]+ 960.3927). 
Retention comparison of the detected ion in spent medium and the AIP standard (A). The 
structure of the AIP molecule was confirmed using MS/MS analysis of the spent medium 
and the synthetic AIP standard (B). The confirmed amino acid sequence identified is 
YSPCTNFF and the structure of this molecule is shown above with the labeled cleavage 
sites. The colors on the structure correspond to the mass spectrum fragments shown. 
 

A. 

B. 
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Figure 4. Identification and validation of S. simulans (AH4549) AIP ([M+H]+ 1036.5285). 
Retention comparison of the detected ion in spent medium and the AIP standard (A). 
The structure of the AIP molecule was confirmed using MS/MS analysis of the spent 
medium and the synthetic AIP standard (B). The confirmed amino acid sequence 
identified is KYNPCLGFL and the structure of this molecule is shown above with the 
labeled cleavage sites. The colors on the structure correspond to the mass spectrum 
fragments shown.  
 
 
 
 
 
 

A. 

B. 
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Figure 5. Identification and validation of S. hominis (AH5011) AIP ([M+H]+ 957.4140). Retention 
comparison of the detected ion in spent medium and the AIP standard (A). The structure of the AIP 
molecule was confirmed using MS/MS analysis of the spent medium and the synthetic AIP standard 
(B). The confirmed amino acid sequence identified is TINTCGGYF and the structure of this 
molecule is shown above with the labeled cleavage sites. The colors on the structure correspond 
to the mass spectrum fragments shown.  

 
 
 This method was also applied to detect the AIP molecule for MRSA, and the 

identified sequence agreed with previously published results.31 The [M+H]+ 961.3774 ion 

of this AIP molecule corresponds to the 9-amino-acid peptide YSTCDFID with calculated 

and measured m/z of 961.3798 and 961.3774 (mass error 2.50 ppm), respectively. Table 

1 shows the identified structure for all the bacteria strains in this study.  

 

A. 

B. 
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Table 1. Bacterial strains with identified AIP sequence 

 

Species 
Strains 
name 

AgrD Sequence AIP Structure Description 

Methicillin-
resistant 

Staphylococcus 
aureus 

AH1263 NIAAYSTCDFID 

 

 
YSTCDFID 

WT 
USA300 

LAC MRSA 
(agr type I) 

Staphylococcus 
simulans 

AH4549 NLAKYNPCLGFL 

 
KYNPCLGFL 

ATCC 
Strain 
27848/ 
MK148 

Staphylococcus 
warneri 

AH4548 FVAGYSPCTNFF 

 
YSPCTNFF 

ATCC 
Strain 
27836/ 
AW25 

Staphylococcus 
hominis 

AH5011 NIATINTCGGYF 

 
TINTCGGYF 

Atopic 
Dermatitis 
skin Isolate 

 

 
Co-Culture Analysis of Commensal Strains with MRSA 

Bacterial growth is typically monitored by measuring the optical density of the 

solution at 600 nm (OD600). To monitor the growth of the bacterial cultures, OD600 readings 

were done at 2-hour intervals for the first 6 hours and at 12 hours and 18 hours. All 

samples showed an increase in OD600 of co-culture samples compared to the single 

cultures (Figure 6). In the co-culture setting, however, it will be difficult to conclude which 

bacterium is responsible for the observed increase in turbidity, and the OD600 readings 



15 

 

should be interpreted as a measure of the overall growth for both bacterial strains 

combined. 

 

 
 
Figure 6. Growth curve for MRSA, S. warneri, S. simulans, and S. hominis single cultures and 
each commensal co-culture with MRSA. Evaluation of growth effect for each bacterial single 
culture compared to the co-culture samples with MRSA. Growth samples were collected over an 
18 hour time period at 2 hour, 4 hour, 6 hour, 12 hour, and 18 hour timepoints. 
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Table 2. Aureusimine A and Aureusimine B 

 

 
 

To track the presence of MRSA in the co-culture sample, the relative abundance 

of two metabolites aureusimine A and aureusimine B in the MRSA single and co-culture 

samples was monitored. The function of aureusimine A and B (Table 2) is still the subject 

of debate; however, aureusimine B was reported to be associated with MRSA growth 

independent of the agr system.27 A similar observation is made in the results of this 

experiment for aureusimine B. Figures 7 shows the peak area as a function of time for 

aureusimine B in the single culture of MRSA as well as the co-culture of this strain with S. 

hominis, S. simulans, and S. warneri.  The abundance of aureusimine B in the single 

culture of MRSA is higher compared to the co-culture samples. This decreased in 

abundance is potentially due to competition of MRSA with each commensal strain. 

However, these data show that although there is competition among MRSA and 

commensal strains, MRSA growth is still present in the co-culture samples. Similar 

observations are made in Figure 8, where the relative abundance of aureusimine A is 

Name Structure [M+H]+ ion m/z 

Aureusimine A 

 

245.1285 

Aureusimine B 

 

229.1335 
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analyzed in MRSA single culture and when this strain is co-cultured with commensal 

strain. Further supporting the claim that MRSA is growing in the co-culture samples.  

 

 
 
Figure 7. Abundance (as measured by UPLC-MS peak area) over time of aureusimine B (m/z 
229.1335) in MRSA single cultures and co-cultures of MRSA with S. hominis, S. simulans, and S. 
warneri. 
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Figure 8. Abundance (as measured by UPLC-MS peak area) over time of aureusimine A (m/z 
245.1285) in MRSA single culture and co-cultures of MRSA with S. hominis, S. simulans, and S. 
warneri. 

 
 

AIP concentration was also determined in the single and co-culture samples (Table 

3). The concentration of the AIP molecule for MRSA corresponds to the ion detected at 

m/z 961.3798 was calculated by plotting the average peak area as a function of known 

concentrations of the AIP molecule from a synthetic standard ranging from 0.12 μM to 

2.00 μM. In the co-culture samples of S. simulans and S. hominis with MRSA, the MRSA 

AIP molecule’s quantity was consistent with the single culture of MRSA. This means the 

agr system in MRSA was not inhibited. However, the quantity of the MRSA AIP molecule 

in the co-culture of MRSA and S. simulans was below the limit of detection (LOD). Figure 

9 shows the graphical representation of the reported values in Table 3. The quantity of the 

MRSA AIP molecule was plotted as a function of the time for each co-culture sample as 

well as the control single culture of MRSA. The concentration of the MRSA AIP molecule 

is below the LOD; however, as aureusimine A and aureusimine B data indicated (Figure 
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7 and Figure 8, respectively), MRSA is still growing in the co-culture samples with S. 

simulans. From this data, we can conclude that the virulence in MRSA, as indicated by 

the AIP molecule, is being inhibited even though MRSA is growing. 

 
Table 3. Hourly MRSA AIP I (m/z 961.3798) concentration  Standard Deviation (SD) in single and 
co-culture samples with the LOD and LOQ of 0.065 and 0.197, respectively. 

 
Time 

(Hour) 
MRSA AIP Concentration (μM) 

 MRSA 
MRSA &  

S. simulans 
MRSA &  

S. warneri 
MRSA &  

S. hominis 

2 Below LOD Below LOD Below LOD Below LOD 

4 0.133 ± 0.02 Below LOD Below LOD 0.117 ± 0.01 

6 0.270 ± 0.03 Below LOD 0.117 ± 0.03 0.204 ± 0.01 

12 0.352 ± 0.02 Below LOD 0.243 ± 0.03 0.349 ± 0.02 

18 0.447 ± 0.05 Below LOD 0.325 ± 0.08 0.472 ± 0.03 

 
 

 
 
Figure 9. Quantitative analysis of the AIP I (m/z 961.3798) in the single culture of MRSA and 
when this strain was co-cultured with S. warneri, S. hominis, and S. simulans. The limit of the 
detection and limit of quantification for the AIP was calculated to be 0.065 μM and 0.197 μM 
respectively. 
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The concentration of each commensal AIP was calculated in the single culture as 

well as the co-culture samples with MRSA (Tables 4, 5, and 6). The production of S. 

simulans, S. warneri, and S. hominis AIPs were inhibited in all co-culture samples with 

MRSA. The inhibition of the commensal AIP production in the co-culture samples may be 

due to the ability of MRSA to inhibit the agr system in these commensal strains. The lack 

of commensal AIP detection could also be due to the lack of growth in the co-culture 

samples due to the presence of MRSA; however, they are currently no indicator molecules 

to track the growth of these commensal Staphylococcus strains.  

 
Table 4. Hourly S. simulans AIP concentration  SD. The LOD and LOQ of 0.085 μM and 0.256 
μM, respectively. 

 

 
 
 
 
 
 
 
 
 
 

Time (Hour) S. simulans AIP Concentration (μM) 

 
S. simulans MRSA & S. simulans 

2 Below LOD Below LOD 

4 Below LOD Below LOD 

6 0.134  0.00 Below LOD 

12 0.189  0.00 Below LOD 

18 0.211  0.02 Below LOD 
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Table 5. Hourly S. warneri AIP concentration  SD. The calculated LOD and LOQ of 0.095 μM, and 
0.289 μM, respectively. 

 
Time (Hour) S. warneri AIP Concentration (μM) 

 
S. warneri MRSA & S. warneri 

2 Below LOD Below LOD 

4 Below LOD Below LOD 

6 Below LOD Below LOD 

12 0.102  0.01 Below LOD 

18 0.117  0.01 Below LOD 

 
 

Table 6. Hourly S. hominis AIP concentration  SD in single and co-culture samples. The calculated 
LOD and LOQ of 0.126 μM, and 0.380 μM, respectively. 

 
Time (Hour) S. hominis AIP Concentration (μM) 

 
S. hominis MRSA & S. hominis 

0 Below LOD Below LOD 

2 Below LOD Below LOD 

4 Below LOD Below LOD 

6 Below LOD Below LOD 

12 0.356  0.03 Below LOD 

18 0.488  0.03 Below LOD 
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Untargeted Metabolomics 

Using untargeted metabolomics, we aimed to find upregulated and downregulated 

features in the single culture of MRSA, S. simulans, and the co-culture of these two strains. 

Selectivity ratio analysis was conducted to identify features that increased abundance in 

the bacterial cultures as a function of time. The features with the highest selectivity ratio 

are observed to increase in abundance with growth. In the MRSA selectivity ratio plot 

(Figure 10), the AIP molecule with the m/z of 961.3774 and retention time of 4.33 minutes 

is shown in this plot, as well as 3 unknown molecules. The features shown in gray are 

components of the growth medium or features that were identified across all bacterial 

strains. In the SR plot of S. simulans, the [M+2H]2+ of the AIP molecule with the m/z of 

518.7667 and retention time of 3.78 was observed. An unknown molecule was also 

identified in this sample with the [M+3H]3+ of 1549.151 and a retention time of 8.02 minutes 

(Figure 11). In the co-culture selectivity ratio plot, the unknown molecule reported in the 

MRSA single culture was observed again. This molecule has an [M+H]+ of 735.4073 and 

a retention time of 3.20 minutes (Figure 12).  
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Figure 10. Selectivity Ratio plot of MRSA samples. The plot was constructed using average peak 
areas for triplicate samples of the time course experiment. Samples were collected after 2, 4, 6, 
12, and 18 hours. The selectivity ratio is based on the growth time. 
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Figure 11. Selectivity Ratio plot of S. simulans co-culture samples. The plot was constructed 
using average peak areas for triplicate samples of the time course experiment. Samples were 
collected after 2, 4, 6, 12, and 18 hours. The selectivity ratio is based on the growth time. 
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Figure 12. Selectivity Ratio plot of MRSA & S. simulans co-culture samples. The plot was 
constructed using average peak areas for triplicate samples of the time course experiment. 
Samples were collected after 2, 4, 6, 12, and 18 hours. The selectivity ratio is based on the 
growth time. 
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co-culture sample. The [M+H]+ ion 735.4073 with the retention time of 3.20 minutes 

(Figure 15) is suspected to be the singly charged ion of m/z 368.2066. 

 
Table 7. Unique features identified from the selectivity ratio plots 

 

ID 
Feature 

(m/z) 
RT Sample Ion Type 

1 229.133 4.40 MRSA [M+H]+ 

2 363.1936 3.44 MRSA [M+H]+ 

3 735.4073 3.20 
MRSA & 

S. simulans 
[M+H]+ 

4 368.2066 3.20 
MRSA & 

S. simulans 
[M+2H]2+ 

5 511.3118 3.76 MRSA [M+H]+ 

6 1549.151 8.03 S. simulans [M+3H]3+ 

 
 

The singly charged ion with m/z 368.2066 has a calculated [M+H]+ of 735.4054 

compared to the detected m/z 735.4073 (mass error 2.6 ppm). The [M+H]+ of 511.3118 is 

detected in the MRSA single culture as well as the co-culture with S. simulans (Figure 16). 

This ion shows an increased abundance in the co-culture samples compared to the single 

cultures of S. simulans and MRSA. The [M+3H]3+ ion 1549.151 is detected in the S. 

simulans, and the abundance of this ion is significantly reduced compared to the co-culture 

samples of S. simulans with MRSA (Figure 17). 
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Figure 13. Abundance (as measured by UPLC-MS peak area) over time of the singly charged ion 
with m/z 363.1936 and retention time of 3.44 minutes. 

 
 

 
 
Figure 14. Abundance (as measured by UPLC-MS peak area) over time of the doubly charged 
ion with m/z 368.2066 and retention time of 3.20 minutes. 
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Figure 15. Abundance (as measured by UPLC-MS peak area) over time of the singly charged ion 
with m/z 735.4073 with the retention time of 3.20 minutes. 

 
 
 
 
 

0.0E+0

5.0E+6

1.0E+7

1.5E+7

2.0E+7

2.5E+7

0 2 4 6 8 10 12 14 16 18

P
e
a
k
 A

re
a

Time (Hour)

MRSA & S. simulans co-culture MRSA

S. hominis S. simulans

S. warneri



29 

 

 
 
Figure 16. Abundance (as measured by UPLC-MS peak area) over time of the singly charged ion 
with m/z 511.3118 and retention time of 3.76 minutes. 

 
 

 
 
Figure 17. Abundance (as measured by UPLC-MS peak area) over time of the triply charged ion 
with m/z 1549.151 and the retention time of 8.02 minutes. 
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Based on a recent literature search, none of the ions shown in figures 13-17 appear 

to correspond to compounds that have been previously characterized from the bacterial 

strains under investigation. It is essential to characterize the structure of these detected 

molecules by isolating them as pure compounds. The pure compound from the complex 

mixture can be attained by using a flash chromatography technique. Each pure compound 

can then be further characterized, and structures elucidated using tandem mass 

spectrometry and nuclear magnetic resonance (NMR) spectroscopy.   
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CHAPTER IV 
 

CONCLUSION 

 
 
 In the targeted metabolomics study, we quantified the MRSA AIP molecule in the 

single culture and when this strain was co-culture with commensal strains. The co-culture 

of S. simulans showed inhibition of the MRSA AIP production; however, the MRSA AIP 

concentration in the co-culture samples of S. hominis and S. warneri remained unchanged 

compared to the MRSA single culture. The inhibition of the MRSA AIP molecule in the co-

culture of this strain with S. simulans shows inhibition of the agr system. To track the 

growth of MRSA, the relative abundance of two molecules that are present in the MRSA 

strain but not the commensal strains, aureusimine A, and aureusimine B were monitored 

in the single culture of MRSA and compared to the co-culture samples of S. simulans. 

These results showed that even though the S.simulans were inhibiting the MRSA agr 

system, MRSA was still growing in the co-culture samples.  

 In the untargeted metabolomics study, we detected 5 features using the selectivity 

ratio model. These molecules showed upregulation or downregulation in the co-culture 

samples compared to the single culture samples of MRSA and S. simulans. These 

molecules have not been previously identified, and it is essential to identify the role these 

molecules play in the communication between commensal and pathogenic strains. 
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