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Introduction

Infections caused by Staphylococcus aureus remains one of the leading cause of mortality among human bacterial

pathogens worldwide. S. aureus infections are preferentially treated with β-lactams due to their high safety and

efficacy. Methicillin-Resistant Staphylococcus aureus (MRSA) displays high-level resistance to β-lactams due to the

presence of mecA (or its homologs), which encodes Penicillin-Binding Protein 2a (PBP2a) - a PBP which has low

affinity for β-lactams. Apart from MRSA, strains of S. aureus lacking mecA can also display high-level β-lactam

resistance through mechanisms that are not well characterized. These strains commonly referred to as Methicillin-

Resistant Lacking mec (MRLM) have been reported to often carry mutations in pbp4 (a low molecular weight

encoding PBP) and gdpP (a phosphodiesterase that cleaves cyclic-di-AMP, a recently discovered signaling molecule

in bacteria). Previous studies carried out in our laboratory have identified the important roles played by PBP4 and

GdpP in mediating β-lactam resistance and tolerance respectively but could not account for the high-level

resistance displayed by the MRLM strains. In this study, we focused on understanding whether a synergistic role of

pbp4 and gdpP mutations enabled high-level β-lactam resistance.
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Methods

We introduced representative pbp4 and gdpP mutations in S.aureus SF8300ex (mecA excised SF8300, a

representative of commonly isolated USA300 background strain) and focused on their synergistic phenotypic

implications. Bacterial antibiotic resistance was determined through minimum inhibitory concentration (MIC) and

population assays. A tolerance disk test (TDtest) was used to detect the β-lactam tolerance. In addition to these,

we performed hemolysis assays and infections in Caenorhabditis elegans to determine the relationship between

β-lactam resistance and bacterial virulence.

Conclusions

Our results showed that β-lactam resistance and tolerance due to altered pbp4 and gdpP function could mediate 

high-level, broad-spectrum β-lactam resistance. Our study provides an experimental basis for understanding the 

uncanonical high-level β-lactam resistance mechanisms of MRLMs.

Results
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Figure 1. The proportional Venn diagram illustrates the 
pbps and gdpP mutations in clinical MRLM strains. The 
gene mutations in clinical MRLM were obtained from 
previous studies [1-3]. 

Figure 3. ΔgdpP contributes to antibiotic 
tolerance in S.aureus SF8300ex. TDtest 
measures antibiotic tolerance levels in 
S.aureus strains. (A) TDtest with 1 mg 
nafcillin. (C) TDtest with 1 mg oxacillin. Step I 
shows the clear inhibition zone on the first 
day after antibiotics treatment. Step II shows 
the tolerance colonies inside the inhibition 
zone after replacing the antibiotics disk with 
a glucose disk. (B) and (D) measuring the 
numbers of tolerance colonies in the 50% 
inhibition zone. All data are from three 
independent experiments and presented as 
means ± SDs with One-Way ANOVA (***: P < 
0.0005, and **: P < 0.005).

Figure 4. Virulence in S. aureus strains. Hemolysis 
assay and C. elegans killing assay determined the 
virulence in S. aureus strains. (A) S. aureus strains 
were streaked on the blood agar. (B) The hemolytic 
abilities in S. aureus strains were assessed based 
on OD540. (C) The survival rates of C.elegans
infected by S. aureus strains. E.coli OP50 was as a 
control. (D) Fluorescence microscopy of C. elegans
infected by S. aureus strains carrying pTXΔ-GFP. 
Microscopic image at 20× magnification. Scale bar 
= 100 μm. All data are from three independent 
experiments and presented as means ± SDs with 
one-way ANOVA (****: p< 0.0001, ***: p< 0.001, 
**: p< 0.005, and *: p< 0.05).

Figure 2. The population analysis revealed that pbp4 mutations and ΔgdpP contribute to high-level 
β-lactams resistant in S.aureus SF8300ex. Population analysis with nafcillin (A) and oxacillin (B).
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