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ABSTRACT OF THE THESIS 

 
 

Determining Media Dependent Mechanisms of Antibiotic Resistance in Laboratory 

Evolved Staphylococcus aureus 

 

by 

 

Michael J. Salazar 

 

Master of Science in Bioengineering 

 

University of California San Diego, 2018 

 

Professor Bernhard Palsson, Chair 

 

Antibiotic-resistant Staphylococcus aureus is one of the most common causes of 

bacterial infections in humans and is responsible for a wide range of infections in 

healthcare and community settings. Methicillin-resistant S. aureus, in particular, has 

proven to be resistant to β-lactams and many other classes of antibiotics. The standard 

for evaluation of antibiotic efficacy involves testing on cation-adjusted Mueller Hinton 

broth or CA-MHB. However, this is not reflective of the human host environment. Changes 



xii 

in media conditions and environment have led to differences in antibiotic efficacy 

outcomes and have major implications in treatment. To further elucidate differential 

antibiotic resistance mechanisms, adaptive laboratory evolution was utilized to generate 

strains of the S. aureus clinical isolate, USA300 TCH1516, under an increasing antibiotic 

pressure of nafcillin in CA-MHB as well as Roswell Park Memorial Institute medium 

(RPMI). Evolutionary paths for strains were characterized at the physiological and genetic 

level utilizing whole genome sequencing to understand the genetic and metabolic basis 

of antibiotic resistance. Improvements in growth rate were observed for media adaptation 

to RPMI but not CA-MHB. Improved fitness in stressful conditions were identified and 

linked to mutated copies of apt. Key reproducibly occurring mutations were compared 

between the two environments after exposure to nafcillin showing mutations in common 

regions within the vraRST operon, a regulator of cell wall metabolism genes, and in mgt, 

a nonessential transglycosylase. Unique susceptible phenotypes to gentamicin and 

azithromycin were identified after tolerance to nafcillin. Mutated genes yybT and ybbP, 

codY, and oatA related to regulation of nucleotide and branched chain amino acid 

metabolism as well as peptidoglycan biosynthesis and modification were identified for 

tolerance to nafcillin in RPMI only. Mutations were subsequently compared across 

literature and presented here.  
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Introduction 

Staphylococcus aureus is a commensal gram-positive bacterium that colonizes on 

human skin, as well as nasal and respiratory tracts. It has been shown to be the cause of 

many diseases ranging from skin, blood and tissue infections particularly when the skin 

and mucosal barriers are breached (Tong et al., 2015). Over the past decade, S. aureus 

has increasingly caused infections in people who have not been hospitalized or had a 

medical procedure performed recently. The pathogen has developed antibiotic resistance 

to a wide class of antibiotics, most well-known being methicillin. This outbreak of S. 

aureus resistant variants from non-hospital related cases is classified as Community 

acquired methicillin resistant Staphylococcus aureus (CA-MRSA), where S. aureus 

USA300 is one of the clones isolated in North America most responsible for increased 

skin infections (Planet et al., 2015)). One particular S. aureus strain, USA300_TCH1516 

has been studied as a representative of the MRSA phenotype and was isolated from an 

adolescent child at the Texas Children's Hospital in Houston who was suffering from a 

severe case of sepsis syndrome (Gonzalez et al., 2005).  

 Testing methods for evaluating antibiotic efficacy, against bacterial pathogens in-

vitro, were developed and standardized in 1961 as a one size fits all screen (World Health 

Organization. Expert Committee on Antibiotics and World Health Organization, 1961). 

This method has been paramount in antibiotic research but has failed in translating to in-

vivo efficacy (Hughes and Andersson, 2017; Kubicek-Sutherland et al., 2015). 

Determination of MIC90 for potential drugs has also varied considerably between 

“standard” testing media from different manufacturers (Girardello et al., 2012) and with 

additionally supplemented cations (Barry et al., 1992).  Differential susceptibility is 

https://paperpile.com/c/ZCH3xi/1sug
https://paperpile.com/c/ZCH3xi/aOVE
https://paperpile.com/c/ZCH3xi/zqf0
https://paperpile.com/c/ZCH3xi/SSgE
https://paperpile.com/c/ZCH3xi/SSgE
https://paperpile.com/c/ZCH3xi/220A+nEDy
https://paperpile.com/c/ZCH3xi/RfrG
https://paperpile.com/c/ZCH3xi/vmtV
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dramatically  more pronounced between traditional testing media and more 

physiologically relevant media conditions (i.e consideration of supplemented cations, 

interaction with host factors, nutrient availability) (Ersoy et al., 2017; Lin et al., 2015; 

Sakoulas et al., 2014) In this study we look at differential antibiotic response between 

standard bacteriological testing medium cation adjusted Mueller Hinton Broth (CA-MHB) 

and Roswell Park Memorial Institute (RPMI) media, a medium used in cell and tissue 

culture for mammalian cells, supplemented with Lysogeny broth (LB) to final 10% by 

volume. For S. aureus TCH1516 differential susceptibility greater than 4X, between CA-

MHB and RPMI+10% LB medium, was observed in 8 antibiotics from classes including 

β-lactams, aminoglycosides, and macrolides Antibiotics with this distinction included 

nafcillin, ampicillin, azithromycin, ceftazidime, clindamycin, colistin, daptomycin and 

meropenem (Table S4). 

 Adaptive laboratory evolution (ALE) is a tool used to study the adaptive capabilities 

of microorganisms in vitro. The experimental setup for a typical ALE experiment goes as 

follows, cells are cultured in suspension or agar medium environment and propagated for 

a period of time, passaging them to fresh medium when an appropriate density or cell 

count is reached. ALE can be used in concert with other bioinformatic tools that identify 

beneficial mutations that enable the cells to thrive in a given environment. ALE has been 

applied to improve microbial phenotypes including increased substrate uptake and 

metabolic production (Fong et al., 2005; Moser et al., 2017; Rajaraman et al., 2016; Reyes 

et al., 2014), and increased tolerance to an external stressor such as temperature 

(Deatherage et al., 2017; Sandberg et al., 2014) or antibiotics (Baym et al., 2016; Jahn et 

al., 2017; Toprak et al., 2011). Previous studies have utilized ALE to study the adaptive 

https://paperpile.com/c/ZCH3xi/C9SX+OuHs+EW4x
https://paperpile.com/c/ZCH3xi/C9SX+OuHs+EW4x
https://paperpile.com/c/ZCH3xi/Ihpr+xWAK+NM4p+5bFU
https://paperpile.com/c/ZCH3xi/Ihpr+xWAK+NM4p+5bFU
https://paperpile.com/c/ZCH3xi/WKW5+J0Vn
https://paperpile.com/c/ZCH3xi/93JL+LXqa+T0wm
https://paperpile.com/c/ZCH3xi/93JL+LXqa+T0wm
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capabilities of S. aureus to various antibiotics (Friedman et al., 2006; Hattangady et al., 

2015; Klein et al., 2017; Ling et al., 2015; Raafat et al., 2017) 

 Nafcillin is a narrow spectrum 𝛽-Lactam antibiotic that is 𝛽-lactamase resistant and 

typically used to treat S. aureus infections that have developed resistance to other 

penicillins (Tan and Fink, 1992). Nafcillin is resistant to degradation and inactivation by 

staphylococcal penicillinase and effective against a wide range of Staphylococcus 

species. Like other 𝛽-Lactams, the mechanism of action for nafcillin works by inhibiting 

the biosynthesis of the bacterial cell. Inhibition is achieved by formation of covalent bonds 

with penicillin-binding proteins, thus interrupting the last steps in the transpeptidation 

process ultimately preventing the formation of crosslinks of glycan strands (Rang et al., 

2011). S. aureus resistant to nafcillin first spiked at Columbus Children's Hospital in 

Columbus, Ohio in late 1979, where 12 of the 19 cases were resistant to both penicillin 

and nafcillin (Hamoudi et al., 1983). Understanding nafcillin is clinically significant 

because, often it is the first line of care against methicillin sensitive S. aureus (MSSA) 

infections in the wound, septicemia and endocarditis (Bennett et al., 2014; Bonow et al., 

2006).  

In this work, ALE was combined with the knowledge of media-specific susceptibility 

to uncover the mechanisms of resistance for growth under variable growth environments, 

in a controlled setting. ALE was implemented first to adapt the USA300 isolate to both 

media conditions to optimize cellular performance and establish a suitable baseline with 

which to compare any further evolutionary work. Second ALE was harnessed to study 

nafcillin resistance in S. aureus TCH1516 to gain insights into the genetic basis for 

antibiotic resistance in differing media conditions and assess the differential response to 

https://paperpile.com/c/ZCH3xi/Q9Hc+Qgb2+BS6Z+eTih+WplC
https://paperpile.com/c/ZCH3xi/Q9Hc+Qgb2+BS6Z+eTih+WplC
https://paperpile.com/c/ZCH3xi/TJkm
https://paperpile.com/c/ZCH3xi/HBBc
https://paperpile.com/c/ZCH3xi/HBBc
https://paperpile.com/c/ZCH3xi/d5Jy
https://paperpile.com/c/ZCH3xi/NKsU+5xm6
https://paperpile.com/c/ZCH3xi/NKsU+5xm6
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clinically relevant drugs. Whole genome sequencing was utilized to identify mutations 

enriched for in either media adaptation or nafcillin tolerance experiments and understand 

at a systems level the impact, if any, on the mechanism of action due to growth in different 

growth mediums.  
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Chapter 1: Results 

 

1.1 Media adaptation 

To understand strain-specific media adaptation of S. aureus, USA300_TCH1516 

was evolved under two media conditions using growth rate selection. The two chosen 

media types were CA-MHB and RPMI+10%LB as differential susceptibility to nafcillin was 

observed across both conditions (Table S4,(Sakoulas et al., 2014).  Five independent 

populations of TCH1516 were evolved on CA-MHB while eight independent populations 

were evolved on RPMI+10%LB at 37℃ for an average of 108 and 100 batch flask 

transfers or 742 and 720 generations, respectively. Flask transfers were performed when 

an OD600 of 0.3 ± 0.02 or 0.434 gDW/L was achieved to prevent the cells from entering 

stationary phase, thus selecting for growth rate. Population growth rates for S. aureus on 

RPMI+10%LB increased from an average of 0.75 ± 0.1 hr-1 to 1.1 ± 0.1 hr-1 or ~1.5-fold 

increase (Figure 1). The time scale for the ALEs on RPMI+10%LB ranged from 4.52 x 

1012 to 5.26 x 1012 CCD as indicated in Table 1. There was no apparent population growth 

rate increase for media adaptation to CA-MHB (Table 1), with the strains experiencing 

similar number of cumulative CCD’s ranging from 5.56 x 1012 to 6.07 x 1012 CCD. 

Cumulative Cell Cycle Divisions (CCD) has previously been shown to effectively 

represent the time scale for ALEs in contrast to elapsed time or generations (Lee et al., 

2011). Thus, there was an increase in growth rate through evolution on the physiological 

media (i.e., RPMI+10%LB) that was not seen in the standard lab testing media (i.e., CA-

MHB). It should be noted that the overall growth rate of the population at the end of the 

evolution on RPMI (1.06 ±0.10 hr-1) was similar to that of the starting growth rate on CA-

MHB (1.12 ± 0.083 hr-1). 

https://paperpile.com/c/ZCH3xi/OuHs
https://paperpile.com/c/ZCH3xi/yFKA
https://paperpile.com/c/ZCH3xi/yFKA
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Clonal isolates were selected from each of the final flasks of the evolved 

populations of the media adaptation ALEs (i.e., end point clones) to RPMI+10%LB and 

CA-MHB to explore phenotypes from isolated evolved genotypes. Growth rates were 

measured for 8 isolated clones evolved for rapid growth on RPMI+10%LB and the 5 

isolated clones from media adaptation to CA-MHB. Clonal growth rates in RPMI+10%LB 

saw a considerable increase (two-sample t-test P<10-7) in fitness with average of ~1.5-

fold increase in growth rate from wild-type S. aureus TCH1516. In comparison, clonal 

growth rates measured for endpoints from the ALE performed in CA-MHB saw no 

significant change (two-sample t-test P>0.05) in growth rates compared to the ancestral 

wild-type (Figure S1).  Thus, the increase in growth rate of S. aureus TCH1516 through 

adaptation to RPMI+10%LB and not to CA-MHB was confirmed on the clonal level. The 

evolved genotypes and tolerance to nafcillin was then explored. 

 

1.2 Tolerance Evolution 

 A Tolerance Adaptive Laboratory Evolution (TALE) experiment was implemented 

to explore strains of S. aureus TCH1516 that developed resistance to the 𝛽-Lactam 

antibiotic, Nafcillin, and identify novel mutations enabling growth in elevated 

concentrations of the antibiotic in both CA-MHB and RPMI+10%LB media types. S. 

aureus strains selected for the starting points of the TALEs consisted of both media 

adapted strains, denoted STM and STR for CA-MHB and RPMI+10%LB, respectively 

(Table S3; Strain Tree). The starting strains for the tolerance evolution were selected by 

analyzing strain specific media adaptation genotypes and observed phenotypes (i.e., 

growth rate). Strains with the largest number of parallel occurring unique mutations, and 
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that weren’t hypermutators, were selected as starting strain candidates for analyzing 

mechanisms of nafcillin resistance in differing media conditions.  

 TALE proved to be effective in developing strains with increased resistance to 

Nafcillin in both RPMI+10%LB and CA-MHB. Four populations (WT and 3 media adapted, 

STM 1, 2, and 3) of biological triplicate were evolved for growth rate selection in the 

presence of constantly increasing concentration of nafcillin for a total of 12 independent 

evolutions in CA-MHB. In RPMI+10%LB, the media adapted strains (STR 1, 4, and 5) 

were chosen for resistance evolution against nafcillin. An increase of nafcillin 

concentration was initiated when a measured growth rate ≥ 0.7 hr -1 was observed and 

sustained for consecutive flasks. Figure 3 details a typical TALE trajectory of growth rate 

and continuously increasing concentration of nafcillin.  Over the course of the evolutions, 

S. aureus populations underwent an average of 13.81 x 1012 CCDs and 175 flasks and 

3.93 x 1012 CCDs and 72 flasks for CA-MHB and RPMI+10%LB, respectively. Evolutions 

in RPMI+10% LB, as detailed in Table 2, were noticeably lengthier primarily due to 

starting at a concentration of nafcillin ~1/40th of that for evolutions done in CA-MHB. The 

much-reduced starting concentration in RPMI+10%LB is attributed to S. aureus 

TCH1516’s differential susceptibility in the two media conditions about 100-fold difference 

(Table S4). TALE end point population growth rates in RPMI+10% LB for preadapted 

media strains (STR) saw approximately a 1.4-fold decrease compared to their respective 

progenitor ancestors, suggesting a fitness trade-off for antibiotic resistance (see below). 

Interestingly, the same tradeoff was not observed for population endpoints for the TALE 

in CA-MHB. Starting and final concentrations of TALEs for Nafcillin are recorded in Table 

2. Initial starting concentrations of Nafcillin for the TALEs were determined from MIC 



 8 

testing and taken to be approximately 1/40th of MIC90 to ensure cell viability (Table S4). 

Concentrations of Nafcillin reached as high as 600x MIC90 in RPMI+10%LB and 8x MIC90 

in CA-MHB when compared to the wild type in their respective medium. Further screening 

and assessment were completed on isolated clones to characterize tolerance phenotype 

and strain performance. 

 

1.3 Phenotypic Assessment for Evolved Clones 
 
 End point clonal isolates from each of the independent TALE replicates were 

selected to assess and confirm the increased nafcillin resistance phenotype. MIC90 of 

nafcillin for the evolved clones saw an increase, as expected, however the increase for 

isolated clones was markedly less when compared to the final concentration achieved 

upon completion of the TALE in RPMI+10%LB (Table S4). An MIC90 ranging from 10-20 

ug/mL was achieved for isolated clones in RPMI+10%LB compared to a range of 45-83 

ug/mL achieved by population endpoints. This can likely be attributed to population 

dynamics and kin selection (Lee et al., 2010)  or “bacterial cheating” where 

overproduction of degradative enzymes can inactivate antibiotic molecules (Yurtsev et 

al., 2013). The same phenomenon however was not observed in isolated clones from the 

TALE in CA-MHB, to the degree with which was observed in the RPMI+10%LB medium. 

The MIC90 of nafcillin for CA-MHB TALE isolates was measured and ranged from 31.3-

50 ug/mL compared to the range of 61-87 ug/mL for TALE final evolved populations 

(Supplemental file 1, Figure S2).  

Further testing was performed on selected TALE endpoint clones, in their 

respective evolutionary medium, to assess any changes in their resistance or 

https://paperpile.com/c/ZCH3xi/aJiK
https://paperpile.com/c/ZCH3xi/fo6V
https://paperpile.com/c/ZCH3xi/fo6V
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susceptibility profiles to 11 leading contemporary antibiotics from different major drug 

classes (e.g. β-Lactams, Aminoglycosides, etc.) Figure 4 details the evolved end point 

clones fold change in MIC, relative to their progenitor strains, for nafcillin and an additional 

eleven antibiotics (vancomycin, daptomycin, ceftazidime, meropenem, ciprofloxacin, 

ampicillin, linezolid, clindamycin, colistin, gentamicin, and azithromycin). TALE endpoint 

clones evolved for tolerization against nafcillin in CA-MHB saw a low-level increase in 

resistance to the glycopeptide antibiotic vancomycin and cyclic peptide antibiotic 

daptomycin. Endpoint clones evolved for tolerization against nafcillin in RPMI+10%LB, 

however, saw a higher fold change in MIC for vancomycin, daptomycin, and other cell 

wall and cell envelope targeting antibiotics. Conversely, 3 of the 4 TALE endpoint strains 

tested that were evolved against nafcillin in RPMI+10%LB became hypersusceptible to 

gentamicin and azithromycin, with a 4- and 16-fold reduction in MIC90 respectively. The 1 

strain not exhibiting the susceptible phenotype was identified as a hypermutator 

(discussed below) and removed from further analysis. Both gentamicin and azithromycin 

affect cellular growth by inhibiting protein synthesis targeting the 30S and 50S ribosomal 

subunits respectively negatively affecting mRNA translation (Hahn and Sarre, 1969; 

Retsema et al., 1987) . 

To phenotypically characterize evolved strains, endpoint clonal growth rates were 

measured in their evolutionary medium as well as other media types used in this study 

(i.e., a media swap). These characterizations were performed with strains including those 

that were selected as progenitor strains from media adaptation to CA-MHB and 

RPMI+10%LB (STM 1,2,3 and STR 1, 4, 5, respectively), as well as those evolved for 

resistance to nafcillin in CA-MHB and RPMI+10%LB (SNFM and SNFR, respectively). A 

https://paperpile.com/c/ZCH3xi/ZNYf+WXuC
https://paperpile.com/c/ZCH3xi/ZNYf+WXuC
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few interesting observations are clear (Figure 2). First, RPMI+10%LB media adapted 

strains (STR) saw a 52% increase in growth rate compared to S. aureus TCH1516 WT 

(Two-way ANOVA, P<0.0001). This is not surprising considering results from media 

adapted section above (Figure S1). Further, media adaptation to CA-MHB (STM) did not 

confer a fitness advantage in RPMI+10%LB (Two -way ANOVA, P=0.8745). Resistance 

to nafcillin in RPMI+10%LB (SNFR) resulted in a fitness trade off when compared to 

media adapted strains in the same medium (STR) with a small decrease in growth rate 

of about 11% (Two-way ANOVA, P =0.0054). For the media swap condition to 

RPMI+10%LB, there was an unexpected fitness increase of 29% in growth rate for strains 

evolved for resistance to nafcillin in CA-MHB (SNFM) compared to the progenitor strains 

that were media adapted to CA-MHB (STM) (Two-way ANOVA P <0.0001). Further 

analysis on this observation is covered in the discussion section. There were no 

significant changes in growth rate observed across any of the strains analyzed in CA-

MHB medium (Table S5). 

 

1.4 Mutational Analysis of Whole Genome Sequencing for Media Adaptation 

WGS was performed on evolved populations and selected clones from ALE 

experiments on the two selected media types to determine mutations leading to improved 

fitness in these environments. Sequences were then analyzed to determine mutations 

from the multiple replicates under each condition (Deatherage and Barrick, 2014; Phaneuf 

et al., 2018). Mutations were determined to be “key mutations” if the gene or gene region 

contained multiple unique mutations or the same mutation across independent ALE 

replicates. There were 45 unique mutations in 11 different genes or intergenic regions in 

https://paperpile.com/c/ZCH3xi/xmn3+jOXN
https://paperpile.com/c/ZCH3xi/xmn3+jOXN
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the 8 endpoint strains generated from media adaptation to RPMI+10% LB that met these 

criteria of being a key mutation and only two unique mutations in one gene in the 5 

endpoints from the media adaptation CA-MHB that met these criteria. 

Mutations identified to be key in media adaptation for S. aureus to both media 

types are presented in Table 3. The most prevalent gene that contained multiple 

mutations was apt with 7 of 8 independent replicates containing at least one mutation. 

The apt gene encodes for an adenine phosphoribosyltransferase which enables 

nucleotide salvage reactions converting adenine to AMP (Huang et al., 2007). Mutations 

in this gene have also been discovered after in vitro passaging of S. aureus after exposure 

to increasing concentration vancomycin (Hattangady et al., 2015). Constructed mutants 

with Δapt experienced significant reduction in eDNA release, and increased resistance to 

Congo Red (DeFrancesco et al., 2017). Directly downstream of apt in the genome, SNP 

mutations were identified in recJ whose product is an exonuclease specific for single 

stranded DNA. One of the mutations appeared early in the evolution (~20 transfers) and 

fixed and persisted in this replicate (Supplemental File 2, Table S6). The recJ encoded 

exonuclease has been implicated in homologous recombination and DNA repair through 

the methyl-directed mismatch repair pathway in E. coli  (Cooper et al., 1993). 

Another key gene/genetic region that was mutated was mntB and the non-coding 

intergenic region between mntB and sirR, which encode for a manganese permease 

subunit of an ATP binding transporter and metal dependent transcriptional regulator, 

respectively. It was proposed that sirR encodes for a metal dependent repressor 

controlling expression of genes associated with metal ion uptake (Hill et al., 1998). The 

same mutation was identified in the start codon of mntB across 3 independent ALEs, 

https://paperpile.com/c/ZCH3xi/b4AR
https://paperpile.com/c/ZCH3xi/Q9Hc
https://paperpile.com/c/ZCH3xi/luPC
https://paperpile.com/c/ZCH3xi/i1dr
https://paperpile.com/c/ZCH3xi/soHS
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modifying the initiation site from a suboptimal form (UUG) to (AUG), which in E. coli 

exhibits a higher translational initiation rate (Hecht et al., 2017). Mutations in the 

intergenic region include two SNPs occurring 1 and 2 nucleotides upstream of mntB, likely 

affecting its promoter. The other intergenic change was an insertion of a 20-nucleotide 

sequence, 43 base pairs upstream of mntB, causing a frameshift mutation.  Acquisition 

of manganese is important for cell survival and replication of pathogens and is crucial for 

cell detoxification of reactive oxygen species (Hood and Skaar, 2012). Inactivation of the 

MntABC transporter complex in another USA300 strain has been shown to attenuate 

virulence in in-vivo mouse models (Diep et al., 2014). 

Additional key mutations were identified in the media adaptation ALE experiments. 

Two mutations were identified in cspA one of which was a 1 base pair deletion of the 34th 

base pair of the 201 base pair open reading frame, which encodes for RNA chaperone 

protein colloquially named cold shock protein A. The CspA protein part of the larger cold 

shock protein family whose expression are induced by a wide range of stresses (Duval et 

al., 2010; Graumann and Marahiel, 1999; Willimsky et al., 1992). More recently ΔcspA 

mutants of S. aureus NCTC 8325 were constructed which were demonstrated to affect 

carbohydrate and ribonucleotide metabolism, as well as stress response and virulence 

gene expression, potentially making the protein a global regulator associated in bacterial 

adaptation to stressful environments (Caballero et al., 2018). The prkC gene, encoding 

for Ser/Thr protein kinase, contained two unique SNPs appearing in two end point strains. 

The kinase is the only Ser/Thr protein kinase encoded for in S. aureus and has been 

coined PrkC, PknB, and Stk1 (Donat et al., 2009; Lomas-Lopez et al., 2007; Ruggiero et 

al., 2011). The kinase has been implicated in various physiological roles and responses 

https://paperpile.com/c/ZCH3xi/OkKA
https://paperpile.com/c/ZCH3xi/bvaK
https://paperpile.com/c/ZCH3xi/KiPg
https://paperpile.com/c/ZCH3xi/5BTv+C46y+tqZz
https://paperpile.com/c/ZCH3xi/5BTv+C46y+tqZz
https://paperpile.com/c/ZCH3xi/LY8I
https://paperpile.com/c/ZCH3xi/uqch+1l5h+7gZU
https://paperpile.com/c/ZCH3xi/uqch+1l5h+7gZU
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as a regulator of  cell wall metabolism, virulence control, and antibiotic resistance 

(Beltramini et al., 2009; Burnside and Rajagopal, 2011; Cai et al., 2017). PrkC has been 

characterized and postulated to contain an extracellular PASTA domain (penicillin-

binding protein and serine/threonine kinase associated) (Yeats et al., 2002), where S. 

aureus lacking the protein became susceptible to 𝛽-Lactam antibiotics (Vornhagen et al., 

2015). Two unique mutations were identified in two independent ALEs in an 

uncharacterized gene ypbR flanked by genes encoding for an exonuclease and 

postulated iron uptake membrane protein. The last key gene with 3 unique mutations 

identified, 2 of which were in ALE 5, in the media adaptation to RPMI+10% LB was in 

USA300HOU_2315. The gene product for USA300HOU_2315 is Lysostaphin resistance 

protein A. In ALE 5 there was a 1 base pair deletion and 2 base pair substitution at position 

1210 and 1216 of the 1260 open reading frame. Insertional mutants in this gene have 

been found to be deficient in persistor formation and survival in S. aureus USA500 (Wang 

et al., 2015). 

Interestingly there was only one key gene that was mutated across 5 independent 

experiments after 720 generations in CA-MHB (Table 3 and Supplemental File 2, Table 

S7). The only gene identified to have multiple mutations was rsbU encoding for a protein 

that positively regulates sigma factor B, a transcriptional factor involved in stress 

response (Novick, 2003). Restored rsbU in naturally deficient S. aureus has been shown 

to improve growth both in-vivo/in-vitro and increase production of staphyloxanthin, a 

critical virulence factor in sustained tissue infections (Olivier et al., 2009). Detrimental 

mutations in rsbU have been demonstrated to affect protein structure and sensitivity to 

photoantimicrobial chemotherapy (Kossakowska-Zwierucho et al., 2016). 

https://paperpile.com/c/ZCH3xi/dwPD+iLNs+dMGx
https://paperpile.com/c/ZCH3xi/dRPs
https://paperpile.com/c/ZCH3xi/eOQi
https://paperpile.com/c/ZCH3xi/eOQi
https://paperpile.com/c/ZCH3xi/w95F
https://paperpile.com/c/ZCH3xi/w95F
https://paperpile.com/c/ZCH3xi/yhrV
https://paperpile.com/c/ZCH3xi/12bp
https://paperpile.com/c/ZCH3xi/vUGN
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After analyzing the mutations conferring a fitness advantage for media adaptation, 

mutational analysis was similarly performed on generated strains for resistance to 

nafcillin. 

 

1.5 Mutational Analysis of Whole Genome Sequencing for Tolerance Evolutions 

Whole genome sequencing was performed on evolved populations and selected 

clones from TALEs on both media types to determine shared or unique genetic bases of 

Nafcillin resistance phenotypes. Key mutations were again identified in a similar manner 

to those from the media adaptation ALEs (i.e. if the gene or gene region contained 

multiple unique mutations or the same mutation across independent ALE replicates). On 

average, there were far fewer mutations that arose in S. aureus TCH1516 isolates 

evolved for Nafcillin resistance in CA-MHB compared to those evolved for resistance in 

RPMI+10%LB, 18 and 35 unique key mutations across 5 and 14 genes or gene regions, 

respectively (Supplemental File 2, Tables S8 and S9). There was one hypermutator clone 

isolated from tolerance evolution to nafcillin in CA-MHB whose ancestral strain was wild-

type TCH1516, SNFM5, with a deletion mutation in mutL. Inactivation of mutL has been 

linked to the emergence of the hypermutator phenotype in various bacteria (Deihim et al., 

2017; Tham et al., 2013) due to its gene products role in in the methyl mismatch repair 

system (Prunier and Leclercq, 2005).  

A summary of mutations identified from tolerization of S. aureus to nafcillin in CA-

MHB is presented in Table 4. In the CA-MHB TALE, the first key gene that was mutated 

was apt which also happened to appear in the RPMI+10% LB media adaptation ALE of 

wild-type TCH1516. Mutations in apt occurred in 5 independent TALE end point clones. 

https://paperpile.com/c/ZCH3xi/7X5v+LgLY
https://paperpile.com/c/ZCH3xi/7X5v+LgLY
https://paperpile.com/c/ZCH3xi/I6di
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As discussed earlier, apt enables nucleotide salvage reactions, a much more 

energetically favorable pathway than de novo nucleotide synthesis (Moffatt and Ashihara, 

2002). apt has been implicated in the stringent response in other bacteria in stressful 

conditions (Anderson et al., 2010; Huang et al., 2007). Mutations resulting in premature 

stop codons were discovered in pbuG which encodes for a guanine/xanthine permease. 

The chain termination mutations were identified in 2 independent replicates with 1 other 

non-terminating SNP present in 54% of final population of one TALE. Mutations in this 

permease did not arise in any other ALE or TALE. Bacillus subtilis mutants with defects 

in pbuG displayed impaired uptake rates of nucleoside sugars guanine and hypoxanthine 

as well as resistance to toxic purine analog compounds (Saxild and Nygaard, 1987). 

There has been some evidence to suggest a role between purine biosynthesis and 

increased resistance to vancomycin and daptomycin (Gaupp et al., 2015; Mongodin et 

al., 2003). Further mutations were identified in an uncharacterized membrane protein 

encoded for by the gene yvqF. This gene has also been referred to as vraT (locus 

id:USA300HOU_1882) elsewhere  and is thought to be a negative regulator of the vraSR 

operon which control transcription of a number of genetic determinants involved in cell 

wall synthesis and cell division (Boyle-Vavra et al., 2013). Additionally, the same amino 

acid position mutation was observed in yvqF was mutated under Vancomycin selection 

pressure in a different USA300 S. aureus strain resulting in a Pro174Ser replacement 

and it decreased daptomycin susceptibility (Passalacqua et al., 2012). Whereas in this 

study, a Pro174Leu replacement was observed with increasing Nafcillin selection 

pressure in one independent TALE replicate. The last key gene that saw multiple mutation 

across TALE replicates in CA-MHB was mgt, whose gene product is a monofunctional 

https://paperpile.com/c/ZCH3xi/SDBt
https://paperpile.com/c/ZCH3xi/SDBt
https://paperpile.com/c/ZCH3xi/cuF2+b4AR
https://paperpile.com/c/ZCH3xi/uEwi
https://paperpile.com/c/ZCH3xi/DBIU+7k2C
https://paperpile.com/c/ZCH3xi/DBIU+7k2C
https://paperpile.com/c/ZCH3xi/G7Uw
https://paperpile.com/c/ZCH3xi/pVOD


 16 

glycosyltransferase responsible for elongation of the glycan strands using lipid-linked 

disaccharide-pentapeptide as the substrate (Wang et al., 2001). Each of the mutations in 

mgt led to either formation of a premature stop codon (2 replicates) or a single base pair 

deletion (2 replicates) leading to a frameshift mutation likely disrupting transcription.  mgt 

or sgtB referred to elsewhere has been shown to be upregulated upon treatment with cell 

wall targeting antibiotics including Oxacillin (Utaida et al., 2003). More recent insight has 

suggested that the glycosyltransferase encoded for by mgt is non-essential in S. aureus 

whose function can be performed by one of the 4 penicillin binding proteins with 

transglycosylation activity (Rebets et al., 2014; Reed et al., 2015, 2011; Reynolds and 

Brown, 1985). Furthermore, inactivation of mgt or sgtB in S. aureus LAC strain has 

demonstrated increased resistance to several cell wall antibiotics (Karinou et al., 2018). 

Endpoint clones and populations were sequenced after continuous exposure to 

nafcillin in RPMI+10%LB. A summary of the mutations can be viewed in Table 5. The 

most prevalent key gene targeted for mutation was mecA. Mutations in mecA occurred in 

7 independent evolutions, with a SNP at position 586 changing an aspartic acid residue 

to a tyrosine residue, comprising 6 of the mutations. Penicillin binding protein 2a (PBP2a) 

is encoded for by mecA and is responsible for catalyzing transpeptidation of 

peptidoglycan during cell wall synthesis. The binding protein has been long thought to 

play a vital role in resistance to β-lactamase resistant semi synthetic β-lactams (nafcillin, 

oxacillin, methicillin, etc.) due to its lower affinity for these antibiotics (Hartman and 

Tomasz, 1984; Utsui and Yokota, 1985). Emergence of S. aureus strains containing 

mecA has been hypothesized to be due in part to horizontal gene transfer from closely 

related staphylococcal species leading to formation of MSSA precursors (Musser and 

https://paperpile.com/c/ZCH3xi/A0hn
https://paperpile.com/c/ZCH3xi/bgYT
https://paperpile.com/c/ZCH3xi/czxj+w7N9+MuvD+DTnL
https://paperpile.com/c/ZCH3xi/czxj+w7N9+MuvD+DTnL
https://paperpile.com/c/ZCH3xi/Ec21
https://paperpile.com/c/ZCH3xi/FyEA+uBRx
https://paperpile.com/c/ZCH3xi/FyEA+uBRx
https://paperpile.com/c/ZCH3xi/WQvK
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Kapur, 1992). It has been discovered that PBP2a is essential for S. aureus survival, able 

to replace transpeptidation activity of other PBP’s, although still requiring interaction with 

the transglycosylase activity of PBP2 (Pinho et al., 2001). There were two occurrences of 

mutations in yybT, referred to as gdpP elsewhere, whose associated protein GdpP is a 

phosphodiesterase regulating levels of cyclic -diadenosine -monophosphate (c -di -AMP) 

inside the cell. Disruption of gdpP has been shown to increase transcriptional levels of 

native PBP4, one of the penicillin binding proteins in S. aureus (Corrigan et al., 2015; 

Pozzi et al., 2012). SNP mutations in yybT have been observed in S. aureus after 

repeated exposure to oxacillin concentrations 200x MIC and insertional mutants revealed 

increased tolerance to both oxacillin and vancomycin, as well as altered phenotypic 

signatures (Chung et al., 2018; Griffiths and O’Neill, 2012). Clinical isolates from patients 

with S. aureus  lacking mecA determinants were also shown to have mutations in gdpP 

further implicating the phosphodiesterase in resistance to β-lactams (Argudín et al., 

2018). 3 unique SNPs in ybbP (also known as dacA) which encodes an adenylate 

cyclase, were revealed. Studies suggest that alternate SNP mutations, from those 

presented here, in dacA affect methicillin resistance via nucleotide signaling by reducing 

c -di -AMP resulting in faster growing, less resistant, and more virulent strains (Dengler 

et al., 2013). DacA and GdpP are involved in nucleotide signaling pathways in that the 

former produces c -di -AMP while the latter degrades the cyclic di-nucleotide molecule 

(Corrigan et al., 2015, 2011). 3 mutations, all in separate evolutions, were identified in 

brpA (locus ID, USA300HOU_1000) a transcriptional regulator from the LytR-CpsA-Psr 

family of cell envelope-related transcriptional attenuators, two of which, a premature stop 

codon and 1 base pair deletion, likely cause loss of function. Members of this family have 

https://paperpile.com/c/ZCH3xi/WQvK
https://paperpile.com/c/ZCH3xi/Se6T
https://paperpile.com/c/ZCH3xi/gxGa+ocna
https://paperpile.com/c/ZCH3xi/gxGa+ocna
https://paperpile.com/c/ZCH3xi/hVy1+TTTL
https://paperpile.com/c/ZCH3xi/QUxD
https://paperpile.com/c/ZCH3xi/QUxD
https://paperpile.com/c/ZCH3xi/4F6L
https://paperpile.com/c/ZCH3xi/4F6L
https://paperpile.com/c/ZCH3xi/ocna+cAJs
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been associated with influencing virulence factors, antibiotic resistance and cell envelope 

maintenance in various S. aureus species (Chan et al., 2013; Hübscher et al., 2008; 

Siegel et al., 2016). Another transcriptional regulator codY was found to contain SNPs in 

two independent replicates. The transcriptional regulator CodY, acts as a repressor for 

over 100 genes associated with branched chain amino acid metabolism and virulence 

production in nutrient limiting conditions (i.e. isoleucine, leucine, valine and GTP 

deprivation)(Kaiser et al., 2018; Sonenshein, 2005; Waters et al., 2016). There were 3 

mutations, one of which resulted in a premature stop codon formation, in cbpD 

(COG3942)(Marchler-Bauer et al., 2017) whose gene product is a secretory antigen with 

a highly conserved cysteine, histidine-dependent amidohydrolase/peptidase (CHAP) 

domain thought to participate in the cleavage of peptidoglycan and cell envelope 

biogenesis (Bateman and Rawlings, 2003). Multiple mutations were identified across 

individual evolutions in oatA which encodes of an acetyltransferase OatA. Genetic 

changes included formation of a premature stop codon, in frame Δ12 bp, and two single 

base pair deletions. OatA is theorized to perform O-acetylation to modify peptidoglycan 

by translocation of acetyl groups from a cytoplasmic source across the membrane 

(Sychantha et al., 2017). O-acetylation is important for resisting autolysis activity from 

lysozymes (Pushkaran et al., 2015) and has been shown to increase susceptibility to 

certain β-lactams (Crisóstomo et al., 2006).  

Shared and unique mutations across evolutionary experiments can potentially lead 

to insights of their effect on cellular phenotype expression. Figure 5 depicts the shared 

mutations across all evolutionary experiments. There was a high degree of overlap of 

mutated genes evolved in both media types for the tolerance evolutions to nafcillin 

https://paperpile.com/c/ZCH3xi/Zmta+Xjau+lD4D
https://paperpile.com/c/ZCH3xi/Zmta+Xjau+lD4D
https://paperpile.com/c/ZCH3xi/uiVX+5iyC+M9zO
https://paperpile.com/c/ZCH3xi/UViu
https://paperpile.com/c/ZCH3xi/8cNo
https://paperpile.com/c/ZCH3xi/ERFN
https://paperpile.com/c/ZCH3xi/4RK5
https://paperpile.com/c/ZCH3xi/hU1k
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(Supplemental file S1, Figure S3), although the frequency of mutational targets was not 

necessarily equivalent. Other areas of overlap included mutations in apt discussed below 

occurring in media adaptation to RPMI+10%LB and nafcillin tolerance to both CA-MHB 

and RPMI+10%LB. There was no overlap between media adaptation experiments alone 

or between media adaptation to CA-MHB and any other experiment, barring mutations in 

ebh (discussed below). The lack of shared mutations between media adaptation to CA-

MHB and other experiments could point to the excess of nutrients available in the rich 

medium, leaving the cells with no real desire to make changes.  To illustrate the difference 

in frequency, a good example were the mutations in the vraRST operon, which have 

previously been shown to increase expression of a cell wall stress stimulon leading to 

thicker cell wall and envelope (McCallum et al., 2011). Mutations in vraS and vraR were 

much more prevalent in developing resistance to nafcillin in RPMI+10%LB with 2 unique 

mutations across 4 independent replicates for vraS and 1 instance for vraR (Table 5 and 

Supplemental file 2, Table S8). Whereas in nafcillin resistance in CA-MHB, there was only 

1 instance of a mutation in vraS (Supplemental file 2, Table S9). Conversely in yvqF 

(known as vraT elsewhere), there were 5 unique mutations across 5 independent 

replicates (Table 4), compared to 2 unique mutations in 2 independent replicates (Table 

5) for tolerance to nafcillin in RPMI+10%LB and CA-MHB, respectively. As mentioned 

before, vraT has been shown to be necessary in methicillin resistance for activation of the 

vraRST cell wall stimulon (Boyle-Vavra et al., 2013). A similar observation in mgt, which 

encodes for a nonessential glycosyltransferase (Reed et al., 2015), was observed with 

only 2 mutations occurring in 2 replicates for tolerance to nafcillin in RPMI+10%LB (Table 

4), while 3 mutations across 4 replicates for tolerance to nafcillin in CA-MHB were 

https://paperpile.com/c/ZCH3xi/ugiH
https://paperpile.com/c/ZCH3xi/G7Uw
https://paperpile.com/c/ZCH3xi/w7N9
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identified (Table 5). Further, in Figure 5, there was one mutated gene region in only two 

replicates for evolution against nafcillin in different media conditions (i.e., SNFM 11 and 

SNFR7).  The region between murZ, which encodes for an enolpyruvyl transferase 

involved in the first step of peptidoglycan biosynthesis (Blake et al., 2009) and fbaA, which 

encodes for fructose bisphosphate aldolase an essential enzyme in glycolysis of S. 

aureus and when excreted could pose as a potential virulence factor (Ebner et al., 2016) 

contained two unique SNPs (Supplemental file Tables S8 and S9 .) Lastly, there was only 

one gene that was mutated across all adaptive evolution experiments, ebh. Single SNPs 

were identified in 1 replicate for each media adaptation experiment (STR and STM ALEs) 

and two replicates for each nafcillin tolerance evolution (SNFR and SNFM). This gene is 

31,266-nucleotide base pairs long encoding for an extracellular matrix binding  protein 

thought to form a specialized structure on the surface of the cell functioning in cellular 

adhesion and complement resistance (Cheng et al., 2014). 

Chapters 1 and 2, in part are currently being prepared for submission for 

publication of the material. Salazar, Michael J.; Dillon, Nicholas; Feist, Adam M. 
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Chapter 2: Discussions and Conclusions 

 Methicillin resistant S. aureus (MRSA) is one of the major contributors to 

community and hospital acquired infections dating as far back as the 1960s upon 

introduction and prevalent use  antibiotics in the healthcare setting (Kuroda et al., 2001). 

In the United States, the commensal pathogen is responsible for over 1 million cases of 

blood infection and close to 200,00 deaths (Angus and van der Poll, 2013). With such 

alarming figures, it becomes imperative to understand the underlying mechanisms of 

antibiotic resistance and adaptation to the host environment. Here, we present a method 

for determining differential mechanisms of resistance on the genetic level under different 

media environments utilizing adaptive laboratory evolution, whole genome sequencing, 

and phenotypic characterizations of evolved strains.  Genotypes of generated strains 

were characterized to study fundamental underlying differences in how environmental 

considerations affect susceptibility at a systems level. Insights gained by analyzing 

repeatedly mutated regions across different media conditions in tandem with phenotypic 

assessment can be leveraged to inform more effective treatment strategies and identify 

novel drug targets. Thus, major findings from this work include identification of genes 

related to purine metabolism and metal acquisition conferring a fitness advantage in more 

physiologically relevant media. Findings also include media-specific mechanisms of 

resistance to nafcillin for MRSA, the identification of tradeoffs of fitness for nafcillin 

resistance, and the discovery of cross resistant/susceptible phenotype as a result of 

tolerance evolution.  

Adaptive laboratory evolution was successful in generating media adapted strains 

of S. aureus TCH1516 to both a standard laboratory testing medium, CA-MHB, and more 

https://paperpile.com/c/ZCH3xi/A7Kp
https://paperpile.com/c/ZCH3xi/erWn
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physiologically relevant medium, RPMI+10%LB. Strains adapted to RPMI +10%LB (STR) 

saw an overall increase in both population and end point clonal growth rate, while no such 

increase was observed in CA-MHB evolved strains (STM) (Table 1 and Figure S1). 

Mutations identified in RPMI+10%LB adapted strains showed a high degree of 

evolutionary parallelism with altered genes apt and mntB occurring in almost all of the 

independent ALE replicates (Table 3). Both gene products have been associated with the 

SOS stringent response in stressful conditions, while mntB specifically plays a key role in 

metal acquisition infection when the host limits availability (Anderson et al., 2010; Hood 

and Skaar, 2012; Huang et al., 2007; Kehl-Fie et al., 2013). Mutations in apt, which 

enables nucleotide salvage reactions, were also identified in tolerance evolution to 

nafcillin (Figure 5 and Table 3). Mutations identified in the phosphoribosyltransferase 

likely play a crucial role in the improved growth rate in RPMI+10%LB in the presence of 

no antibiotic for media adapted and nafcillin resistant strains (Figure 2). Media adapted 

strains with the greatest number of key mutations and range of improved growth rate from 

each ALE were then selected to serve as progenitor strains for nafcillin tolerization.  

 The tolerance adaptive laboratory evolution (TALE) method proved successful in 

generation of S. aureus TCH1516 strains resistant to nafcillin 2.5-4-fold higher compared 

to WT in CA-MHB and 80-160-fold higher in RPMI+10%LB (Table S4) after continuous 

exponential growth for an average of 495 and 1207 generations respectively. Overlap of 

shared mutations between nafcillin resistance in each media type point to several 

previously studied targets for antibiotic resistance (Boyle-Vavra et al., 2013; McCallum et 

al., 2011; Reed et al., 2015). Evolution of antibiotic resistance in the tissue culture medium 

RPMI supplemented with 10% LB appears to enrich for several other mutations, 

https://paperpile.com/c/ZCH3xi/cuF2+b4AR+qu5f+bvaK
https://paperpile.com/c/ZCH3xi/cuF2+b4AR+qu5f+bvaK
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particularly in mecA and other non-mecA genetic determinants. Mutations in mecA were 

all located in the active site of PBP2a (Lim and Strynadka, 2002), suggesting an alteration 

in the target for nafcillin, and thus enabling transpeptidase activity to proceed. Mutations 

affecting synthesis and acquisition of branched chain amino acids, as well as biosynthesis 

of peptidoglycan and its precursors potentially suggest a reorganization of metabolic 

activity more representative of host infection (Corrigan et al., 2015; Kaiser et al., 2018; 

Sychantha et al., 2017). Hyper susceptibility to azithromycin and gentamicin were 

observed in S. aureus strains generated for resistance against nafcillin in RPMI+10%LB. 

Nafcillin has been shown to render S. aureus more susceptible to damage by 

antimicrobial peptides and killing trough opsonization by human neutrophils (Sakoulas et 

al., 2014). This observed phenotypic expression warrants further investigation into 

potential synergistic and combination drug therapies in MSSA and MRSA infections. 

Chapters 1 and 2, in part are currently being prepared for submission for 

publication of the material. Salazar, Michael J.; Dillon, Nicholas; Feist, Adam M. 
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Chapter 3: Materials and Methods 

 

3.1 Adaptive Laboratory Evolution and Tolerance Evolution of S. aureus 

USA300_TCH1516 

 The adaptive laboratory evolution experiment was begun by streaking the wild type 

S. aureus USA300_TCH1516 (also named USA300-HOU-MR, taxid: 451516) on LB agar 

plates, colonies (5 for CA-MHB and 8 for RPMI+10% LB) were then selected and grown 

overnight at 37 ℃ in the appropriate medium. Each individual flask served as the starting 

point for independent ALE experiments. An automated liquid handling platform (LaCroix 

et al., 2017) was used to serially propagate the growing cultures and monitor growth rates. 

Each batch culture was grown in 15 mL of the respective media at 37 ℃ and well aerated 

with magnetic stirrers at 1800 rpm. When the OD reached a value of 0.3, 150 µL was 

inoculated into the next flask, thus maintaining a continuous exponential growth. A value 

of the automated system measured OD600 algorithmically on a Tecan Sunrise Absorbance 

Microplate reader. (Tecan Sunrise plate reader, equivalent to an OD600 of ~1 on a 

traditional spectrophotometer with a 1 cm path length.) The OD600 values were converted 

to cell dry weight concentrations using a previously-determined OD600-dry cell weight 

relationship for S. aureus (1.0 OD600 = 0.434 gDW/L). Lastly frozen stocks were taken 

intermittently throughout the course of the evolutions in 50% v/v glycerol solution and 

stored at -80 ℃. Tolerance evolution was performed similarly to media adaptation as 

described above with the addition of continuously increasing concentration of nafcillin. 

The TALE method was adapted from (Mohamed et al., 2017). 

Growth rate calculations were determined and filtered if R2 correlation was less than 0.98. 

Growth data was then smoothed to minimize noise following methods described in 

https://paperpile.com/c/ZCH3xi/AiV5
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(Beyer, 1981), by applying a 3 median repeat smooth followed by convolution with a 

symmetrical kernel containing weights (¼,½,¼) and ended with final 3 median smooth. 

Smoothed data was then fit to a piecewise cubic spline. Time scale of CCD was computed 

following methods outlined in (Lee et al., 2011). 

 

3.2 Minimum Inhibitory Concentration Determination 

3.2.1 Antibiotics 

Azithromycin (Fresenius Kabi), Ceftazidime (Hospira), Clindamycin (Pfizer), 

Colistin (Xellia Pharmaceuticals ApS), Daptomycin (Cubist Pharmaceuticals), Linezolid 

(Pfizer), Meropenem (Fresenius Kabi), Vancomycin (Mylan International) were purchased 

from a clinical pharmacy. Ampicillin, Ciprofloxacin, Gentamicin, and Nafcillin were all 

purchased from Sigma-Aldrich. All drugs were resuspended in 1x Dubelcco’s phosphate-

buffered saline (DPBS) (Corning). 

3.2.2 Reagents and bacterial culturing conditions 

 The bacterial strains to be used in antibiotic susceptibility testing were first 

streaked on Luria agar plates from stocks stored at -80 °C (in 20% glycerol / 80% MHB) 

and grown stationary at 37 °C overnight. Isolated colonies were picked from the plate and 

inoculated into 5 mL of either CA-MHB (MHB (Difco) amended with 20 mg/L Ca2+ and 10 

mg/L Mg2+) or RPMI+ (phenol free RPMI (Gibco 1640) amended with 10% LB (Criterion)) 

media in a 14 mL Falcon polypropylene round-bottom snap cap tube (Corning #352059) 

and grown shaking at 100 rpm at 37 °C overnight. The following day the overnight cultures 

were sub-cultured 1:50 in the desired medium and volume in either the 14 mL snap cap 

tubes and grown shaking at 100 rpm at 37 °C until they reached mid-logarithmic phase 

https://paperpile.com/c/ZCH3xi/ek8m
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(~OD600= 0.4). Unless otherwise noted experiments were conducted in Costar flat-bottom 

96 well plates (Corning #3370) with a final volume of 200 µl / well. 

3.2.3 MIC determination 

 For the MIC experiments the bacteria were cultured in the same media throughout 

(CA-MHB or RPMI+10%LB) prior to the addition of antibiotics. The mid-logarithmic phase 

cultures were diluted to approximately 5x105 cfu (~OD600= 0.002) and 180 µl was added 

to each experimental well of the 96 well flat bottom plate (Costar #3370). Either 20 µl of 

1x DPBS or 20 µl of the desired 10x drug stock were added into each culture containing 

well. Plates were then incubated shaking at 100 rpm at 37 °C overnight. Bacterial growth, 

as determined by measuring the OD600 of each well, was determined by utilizing an 

Enspire Alpha multimode plate reader (PerkinElmer). To determine the MIC90, defined as 

the amount of drug required to inhibit ≥90% of the growth of the untreated controls, the 

density of each drug treated well was compared to the untreated control. 

 

3.3 Whole-Genome Sequencing and Identification of Mutations 

 A total of 176 samples even split between population and clonal samples were 

submitted for sequencing. Genomic DNA was isolated using Nucleospin Tissue Kit 

(Macherey Nagel). The resequencing library was constructed from the isolated genomic 

DNA using Kapa HyperPlus Kit (Roche) according to the manufacturer’s instruction. 

Then, the library was sequenced using a MiSeq Reagent Kit v3 (Illumina) in 600 cycle-

pair-ended recipe on the MiSeq instrument (Illumina). Resequenced samples were then 

processed utilizing a modified script of the software breseq  v.0.32.1 (Deatherage and 

Barrick, 2014; Phaneuf et al., 2018) to map the genome of generated strains to the 

https://paperpile.com/c/ZCH3xi/xmn3+jOXN
https://paperpile.com/c/ZCH3xi/xmn3+jOXN
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ancestral genome for identification of genetic mutations. All generated strains were 

mapped to S. aureus USA300_TCH1516 (NCBI Accession Number CP000730.1). 
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APPENDIX 
 
Table 1: Growth phenotypes for S. aureus USA300_TCH1516 evolved populations on 
CA-MHB and RPMI+10%LB. (a) Population growth rates for independent replicates 
were calculated by averaging initial and final 3 flasks of the media adaptation ALEs. 

Strain Media Type Replicate  
Initial Growth 
Rate (h-1) a 

Final Growth 
Rate (h-1) a 

Total # 
Flasks 

Cumulative 
CCD x 1012 

 
 
 
 
 
 
 
 
 

TCH1516 

CA-MHB 

STM1 1.17 ± 0.04 1.12 ± 0.04 112 6.07 

STM2 1.26 ± 0.11 1.18 ± 0.06 110 5.56 

STM3 1.28 ± 0.16 1.1 ± 0.08 109 5.65 

STM4 1.07 ± 0.16 1.13 ± 0.09 108 5.74 

STM5 1.12 ± 0.29 1.07 ± 0.08 104 5.72 

RPMI+10% LB 

STR1 0.73 ± 0.09 1.03 ± 0.04 104 5.02 

STR2 0.78 ± 0.16 1.16 ± 0.01 106 5.26 

STR3 0.79 ± 0.06 1.11 ± 0.05 104 5.06 

STR4 0.72 ± 0.14 1.01 ± 0.04 97 5.00 

STR5 0.86 ± 0.20 0.97 ± 0.10 100 4.85 

STR6 0.71 ± 0.05 1.13 ± 0.12 98 4.62 

STR7 0.68 ± 0.08 1.02 ± 0.07 98 4.52 

STR8 0.76 ± 0.18 1.04 ± 0.11 98 5.00 
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Table 2: Tolerance Phenotypes for S. aureus USA300_TCH1516 and media adapted 
evolved populations on CA-MHB and RPMI+10%LB. (a) Population growth rates for 
independent replicates were calculated by averaging initial and final 3 flasks of the 
media adaptation ALEs. (*) Indicates premature end to experiment due to technical 
errors. 

Ancestor 
Strain 

Rep 
# 

Initial Growth 
Rate (h-1) a 

[Nafcillin]Start 

(µg/mL) 
Final Growth 
Rate (h-1) a 

[Nafcillin]Final 

(µg/mL) 
# of 

Flasks 
CCD 
x 1012 

RPMI+10%LB TALE 

TCH1516 
WT 

1 0.73 ± 0.05 0.013 0.89 ± 0.11 59.2 169 13.4 

3* 0.79 ± 0.01 0.013 1.03 ± 0.06 5.0 121 8.7 

5 0.81 ± 0.03 0.013 0.94 ± 0.07 45.4 178 13.6 

STR 1 
7 1.17 ± 0.02 0.013 0.83 ± 0.12 65.5 184 15.2 

9 1.20 ± 0.03 0.013 0.83 ± 0.08 50.4 174 13.4 

STR 4 

13 1.23 ± 0.08 0.013 0.85 ± 0.09 83.2 191 14.5 

15 1.17 ± 0.08 0.013 0.83 ± 0.06 57.9 177 14.2 

17 1.04 ± 0.07 0.013 0.74 ± 0.11 65.5 172 13.6 

STR 5 

19 1.11 ± 0.10 0.013 0.87 ± 0.14 52.9 166 12.8 

21* 1.19 ± 0.04 0.013 0.99 ± 0.08 4.3 117 8.5 

23 1.22 ± 0.08 0.013 0.89 ± 0.14 57.9 171 13.6 

CA-MHB TALE 

TCH1516 
WT 

1 0.91 ± 0.05 0.5 0.87 ± 0.02 87.9 70 3.84 

3 0.90 ± 0.16 0.5 0.78 ± 0.05 87.9 75 4.00 

5 0.88 ± 0.19 0.5 0.72 ± 0.11 68.8 71 3.89 

STM 1 
7 0.79 ± 0.07 0.5 0.77 ± 0.17 61.2 72 3.94 

11 0.90 ± 0.12 0.5 0.87 ± 0.07 80.3 75 4.08 

STM 2 
13 0.94 ± 0.11 0.5 0.70 ± 0.03 61.2 68 3.75 

15 0.87 ± 0.14 0.5 0.76 ± 0.13 61.2 70 3.81 

STM 3 
19 0.97 ± 0.16 0.5 0.88 ± 0.08 61.2 74 3.95 

23 0.93 ± 0.11 0.5 0.93 ± 0.06 61.2 74 4.16 
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Table 3: Key mutations for clonal isolates of S. aureus TCH1516 after adaptive 
laboratory evolution in RPMI+10%LB (STR) (top) and CA-MHB (STM) (bottom). (*) 
Indicates mutation led to stop codon being formed.  (†) Indicates mutation led to 
formation of start codon. (^) Indicates mutation that fixed early in the evolution ~20 flask 
transfers. 

RPMI+10%LB Media Adaptation ALE 

Gene Specific Function 
Mutation 

Type 
Protein and Nucleotide Change Strain 

apt 
adenine 

phosphoribosyltransferase 

SNP H104Y (CAC→TAC) 1 

SNP V41L (GTA→TTA) 2 

SNP G73D (GGC→GAC) 4 

SNP A67T (GCT→ACT) 5 

SNP A67V (GCT→GTT) 6,7 

SNP D119E (GAT→GAA)^ 8 

mntB 
ATP binding 
  transporter 

SNP M1M (TTG→ATG) † 3,5,7 

SNP L11I (TTA→ATA) 4 

mntB/sirR 
ATP binding transporter 

/transcriptional 
  regulator 

SNP Intergenic(-1/-121) 1 

INS intergenic (-43/-79) 6 

SNP intergenic (-2/-120) 8 

cspA cold shock protein CspA 
SNP A60V (GCT→GTT) 2 

DEL coding (34/201 nt) 4 

recJ 
recombination protein 

  RecJ 

SNP S757S (TCG→TCT) 3 

SNP A348V (GCA→GTA)^ 8 

prkC 
non-specific 

  serine/threonine protein 
kinase 

SNP V470D (GTT→GAT) 1 

SNP A124P (GCG→CCG) 4 

ypbR hypothetical protein 
SNP S618T (TCT→ACT) 6 

SNP Q1098E (CAA→GAA) 2 

HOU_2315 membrane protein 

SNP L48L (CTA→CTT) 1 

DEL coding (1210/1260 nt) Δ1bp  5 

SUB 
coding 

(1216-1217/1260nt)2bp→AT 
5 

CA-MHB Media Adaptation ALE 

rsbU sigma factor B regulator 
SNP E237D (GAA→GAT) 2 

SNP G225V (GGA→GTA) 1 
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Figure 1: Fitness trajectory depicting growth rate increase throughout the course of the 
media adaptation ALE in RPMI +10% LB. Presented strains 1,4, and 5 served as 
progenitors for the media adapted starting points in the tolerance evolution. 
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Figure 2: Growth comparison of wild type and evolved strains in both CA-MHB and 
RPMI+10%LB in the presence of no antibiotic. STM and STR correspond to end point 
strains from the media adaptation in CA-MHB and RPMI+10%LB, respectively. 
Similarly, SNFM and SNFR are the endpoint strains generated from continuous 
exposure to nafcillin. Data presented are averages from biological duplicates, n=3 for 
STR and STM and n=4 for SNFM and SNFR, and technical duplicates. 
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Figure 3: Fitness trajectory for a typical TALE experiment, showing population growth 
rate and continuously increasing antibiotic concentration. Selected trajectory depicts 
SNFR 9 exposed to nafcillin in RPMI+10%LB. 
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Figure 4: Heat map depicting fold change in MIC of 11 contemporary antibiotics used in 
clinical settings for selected TALE endpoint strains compared to their respective 
progenitor strains. SNFM and SNFR are the endpoint strains generated from continuous 
exposure to nafcillin. 
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Figure 5: Overlap of the ALEs and TALEs performed highlighting the shared gene 
targets for mutation across evolutionary experiments. 
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Table 4: Key mutations for final populations/clones of  S. aureus TCH1516 after 
tolerance adaptive laboratory evolution  in  CA-MHB to nafcillin (SNFM). (*) Indicates 
mutation led to stop codon being formed.  (†) Indicates mutation led to formation of start 
codon. 

 

Gene Specific Function 
Mutation 

Type 
Protein and Nucleotide Change Strain 

apt 
adenine 

phosphoribosyltransferase 

SNP D22G (GAT->GGT) 1 

SNP G59D (GGC->GAC) 11 

SNP I127N (ATT->AAT) 19 

SNP K82E (AAA->GAA) 5,13 

pbuG 
Xanthine/Guanine 

permease 

SNP L342* (TTA->TAA) 3 

SNP Q6* (CAG->TAG) 7 

SNP A84E (GCA->GAA) 23 

yvqF 
uncharacterized 

membrane protein  

SNP A152S (GCA->TCA) 1 

SNP T8K (ACG->AAG) 13 

SNP P174L (CCG->CTG) 3 

SNP V199A (GTT->GCT) 23 

SNP P126S (CCA->TCA) 19 

mgt 
monofunctional 

transglycosylase 

DEL (T)7->6 ,coding (109/810 nt) 5,11 

SNP Q215* (CAA->TAA) 15 

SNP S121* (TCA->TAA) 13 
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Table 5: Key mutations for final endpoint /clones of S. aureus TCH1516 after tolerance 
adaptive laboratory evolution in RPMI+10%LB to nafcillin (SNFR). (*) Indicates mutation 
led to stop codon being formed.  (†) Indicates mutation led to formation of a start codon. 

Gene 
Specific 

Function 
Mutation 

Type 
Protein and Nucleotide Change Strain 

mecA 
penicillin binding 
protein 2 prime 

SNP D586Y (GAT->TAT) 
7,9,13,
15,17,

23 

SNP V488F (GTT->TTT) 19 

rpoD 

DNA-directed 
RNA polymerase 

sigma subunit 
RpoD 

SNP A187T (GCA->ACA) 13 

SNP A194V (GCA->GTA) 19 

yybT 
DHH subfamily 

phosphodiesteras
e 

SNP N182K (AAC->AAG) 9 

SNP S222F (TCC->TTC) 23 

brpA 
LytR family 

transcriptional 
regulator 

DEL coding (235/1218 nt) 7 

SNP Y121* (TAC->TAG) 15 

SNP D214N (GAC->AAC) 19 

codY 
CodY family 

transcriptional 
regulator 

SNP S204L (TCA->TTA) 9 

SNP K205N (AAA->AAT) 15 

ybbP 
hypothetical 

membrane protein 

SNP W76C (TGG->TGC) 7 

SNP Q55H (CAG->CAT) 13 

SNP A80S (GCT->TCT) 17 

cbpD 
possible 

secretory antigen 

SNP W70* (TGG->TAG) 9 

SNP C45Y (TGT->TAT) 15 

SNP G65V (GGC->GTC) 17 

oatA 
possible 

acetyltransferase 

SNP G451S (GGT->AGT) 7 

DEL coding (1239-1250/1812 nt) 9 

DEL coding (29/1812 nt) 13 

DEL coding (1327/1812 nt) 15 

SNP E341* (GAA->TAA) 19 

vraS 
sensor histidine 

kinase VraS 

SNP G92V (GGC->GTC) 7 

SNP V66L (GTA->CTA) 
17,19,2

3 

secDF 

RND superfamily 
resistance-

nodulation-cell 
division 

protein:proton 
(H+) antiporter 

DEL coding (2065-2067/2280 nt) 7,19 
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