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Abstract 11 

Bacterial pathogens are rapidly evolving resistance to all clinically available antibiotics. One part of 12 

the solution to this complex issue is to better understand the resistance mechanisms to new and 13 

existing antibiotics. Here we focus on two antibiotics. Teixobactin is a recently discovered 14 

promising antibiotic that is claimed to "kill pathogens without detectable resistance"" L. L. Ling., 15 

Nature 517:455–459, 2015, https://www.nature.com/articles/nature14098. Moenomycin A has 16 

been extensively used in animal husbandry for over 50 years with no meaningful antibiotic 17 

resistance arising. However, the nature, mechanisms and consequences of the evolution of 18 

resistance to these ‘resistance-proof’ compounds have not been investigated. Through a fusion of 19 

experimental evolution, whole genome sequencing and structural biology, we show that 20 

Staphylococcus aureus can develop significant resistance to both antibiotics in clinically 21 

meaningful timescales.  The magnitude of evolved resistance to arg10-teixobactin is 300-fold less 22 

than to moenomycin A over 45 days, these are 2,500- and 8-fold less than evolved resistance to 23 

rifampicin (control) respectively. We have identified a core suite of key mutations that correlate 24 

with the evolution of resistance which are in genes involved in cell wall modulation, lipid synthesis 25 

and energy metabolism. We show the evolution of resistance to these antimicrobials translates 26 

into significant cross-resistance against other clinically relevant antibiotics for moenomycin A, but 27 

not arg10-teixobactin. Lastly, we show that resistance is rapidly lost in the absence of antibiotic 28 

selection, especially for arg10-teixobactin. These findings indicate that teixobactin is worth 29 

pursuing for clinical applications, and provides evidence to inform strategies for future compound 30 

development and clinical management. 31 

 32 

Introduction 33 

The molecular machinery involved in cell wall synthesis is conserved across bacteria, but not found in 34 

eukaryotes, making the process a strong target for antibiotic drug development (1). Since the 35 

discovery of penicillin in 1928 antibiotics have come to underpin modern medical practice and their 36 

implementation has saved millions of lives (2). However, as Fleming warned, the over and improper 37 

use of antibiotics has accelerated the evolution of resistance (1). Increasing antibiotic resistance 38 

amongst pathogenic bacteria combined with the stalled development of novel antimicrobials 39 

represents a significant global threat, and potentially means a future where bacterial disease might 40 

again be uncontrollable (2). 41 

 42 

https://www.nature.com/articles/nature14098
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Teixobactin is a recently discovered novel class of antimicrobial peptide comprising 11 amino acids of 43 

D and L enantiomers produced by the soil bacteria Eleftheria terrae (3). Teixobactin has been shown 44 

to bind to lipid II and lipid III cell-wall precursor molecules (3), and its activity is thought to be due to 45 

the synergistic inhibition of peptidoglycan and teichoic acid synthesis, resulting in cell wall damage, 46 

delocalization of autolysins including AltA and subsequent cell lysis (4). However, the precise 47 

mechanism of teixobactin action has yet to be described (5). Teixobactin has been shown to possess 48 

in vivo activity in mice (3, 6)making it a promising candidate for future development and potential 49 

clinical use.   The key attribute of teixobactin is that it was originally described as being able to “kill 50 

pathogens without detectable resistance”, but this was inferred from just 27 days of selection in 51 

three experimental Staphylococcus aureus lines (3). One factor inhibiting teixobactin research 52 

progress is that its purification or synthesis is challenging (7-9), but synthetic analogues are under 53 

active development (6, 10-13).  For example, Arg10-teixobactin (14)substitutes the synthetically 54 

challenging enduracididine for commercially available arginine (S-figure 1), and while this exhibits 55 

reduced activity compared with native teixobactin (<10-fold less with MIC at <2g mL-1) against S. 56 

aureus (MRSA ATCC 33591), Staphylococcus epidermidis ATCC 12228 and Bacillus subtilis 168 (6, 15), 57 

this still represents potent activity. However, the resistance profiles of teixobactin analogues are 58 

undescribed. 59 

 60 

Moenomycin A was first described in 1965 from Streptomyces ghanaensis (ATCC14672) and is the 61 

founding member of the moenomycin family of antibiotics (16, 17).  Moenomycin A is a potent 62 

inhibitor of the bacterially ubiquitous GT51 glycosyltransferase, blocking the synthesis of 63 

carbohydrate chains for the cell wall (18, 19); Figure 1.  64 

 65 

Moenomycin A is 10-1000 times more potent than vancomycin against Gram-positive bacteria but 66 

has limited activity against Gram-negative bacteria (16). Moenomycin has been used extensively in 67 

animal husbandry for more than 50 years where no bacterial resistance has been clearly 68 

demonstrated (18, 19).  Significant moenomycin A resistance has only been induced in the 69 

laboratory through single step direct selection that showed changes in the GT51 domain of S. aureus 70 

(20). Despite applications in animal prophylaxis, implementation to human therapeutics has not yet 71 

been realised, primarily due to poor pharmacokinetic properties (16). 72 

 73 

The need for new clinical antibiotics, especially those that are more recalcitrant to resistance, makes 74 

the exploration of teixobactin and moenomycin A and their derivatives timely and worthy (3, 21). 75 

Basic evolutionary theory predicts that under sufficient antibiotic selection pressures bacteria with 76 
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advantageous mutations will proliferate making the eventual evolution of resistance inevitable (22, 77 

23). Previous experimental evolution studies have demonstrated this principle with other antibiotics 78 

such as the cephalosporin Ceftaroline (21, 24). The key question is not whether de-novo resistance 79 

will evolve, but focuses on the likely rate of de-novo resistance development and whether there are 80 

any predictable mutational targets that underlie this. The consequences of evolving resistance are 81 

also key to understand: what is the extent of cross-resistance to other important antibiotics and are 82 

there trade-offs to resistance that may be exploited? Lastly, it is also very important to understand 83 

whether there is a substantial cost to resistance: this will dictate the likely extent to which resistant 84 

strains will persist as a reservoir in the environment in the absence of an antibiotic selection pressure 85 

(25). There are no data testing the rates at which resistance to teixobactin or moenomycin A might 86 

evolve, the degree to which any resistance confers cross-resistance to other existing antimicrobials, 87 

and the extent to which resistance might persist in the environment. We address these questions 88 

here directly.  89 

Results and Discussion 90 

Clinically relevant ‘MRSA’ S. aureus 33591 was used to evaluate the nature and mechanisms of de-91 

novo resistance to arg10-teixobactin and moenomycin A. Rifampicin treatment was also included as a 92 

positive control: rifampicin is an inhibitor of bacterial RNA synthesis and primarily used in 93 

combination therapy, and the mechanisms of de-novo resistance are well described, typically 94 

mapping to the rpoB gene (26). Six replicate populations were passaged over a 75-day period (~500 95 

generations) per treatment and negative controls were included. Populations of 7.5x106 cells were 96 

initially challenged across an antibiotic concentration gradient spanning 0-8 times minimum 97 

inhibitory concentration (MIC) and then propagated for five days by daily 1:50 dilution into fresh 98 

media with the greatest antibiotic concentration that allowed initially visually detectable growth.  At 99 

the 45-day point, antibiotic selection was withdrawn and the cultures maintained for a further 30 100 

days. MIC determination was repeated every five days of serial passage for a total 75-day period. 101 

Oxacillin was included in all lines at 10µg/mL to maintain methicillin resistance and inhibit 102 

contaminants. 103 

 104 

The nature of resistance 105 

Negative controls passaged in the absence of arg10-teixobactin, moenomycin A and rifampicin 106 

showed no significant increase in resistance to any compound, but a slight decreases in resistance 107 

from 0.0625µg/mL to 0.0286µg/mL for rifampicin (t ratio =3.049, P=0.026), 2µg/mL to 0.92µg/mL for 108 

arg10 teixobactin (t ratio =5.398, P=0.001), and 0.125µg/ml to 0.0625µg/ml for moenomycin A (t 109 



5 
 
 

ratio =3.928, P=0.003). The dynamics of rifampicin positive control resistance showed a rapid initial 110 

surge in de-novo resistance, followed by a slower increase before plateauing (Figure 2). By day 20 111 

(105 generations) there was a significant 5,500-fold increase in rifampicin resistance to 344µg mL-1 (t 112 

ratio =4.133, P=0.02), with non-significant (P>0.05) variations to an average of 267µg/ml and 113 

341µg/ml at days 25 and 30 respectively, plateauing to 512µg/ml at days 35 to 45. Thus, after just 45 114 

days or 300 generations 8,000-fold more rifampicin was required to inhibit growth in evolved 115 

populations, which is unsurprisingly a significant increase from the ancestor (t ratio =40813.1, 116 

P<0.001). These controls demonstrate the efficacy of the experimental system to exert antibiotic 117 

selection and examine evolutionary dynamics. 118 

 119 

The evolution of arg10-teixobactin resistance is approximately linear, with resistance slowly increasing 120 

throughout the experiment (Figure 2). While there was a significant increase in resistance by day 20, 121 

this was just 2.4 fold over the ancestor to an average of 4.8µg mL-1 (t ratio =-3.378, P=0.007). This 122 

increase in resistance is 2,300-fold less than the increase in rifampicin resistance over the same 20-123 

day period. Resistance to arg10-teixobactin remained low, with no change in MIC between days 15 124 

and 30 (105 generations). However, after 45 days of selection arg10-teixobactin resistance had 125 

significantly increased to an average of 6.43 µg mL-1, representing >3-fold increase over the ancestor 126 

(t ratio = -5.077, P=0.001). Though significant, this was 2,500-fold less than the relative change 127 

observed against rifampicin.  The minimal bactericidal concentration (MBC) had also increased from 128 

8.0 to 26.6 (S-figure 6) when compared to the ancestor strain.   129 

 130 

Moenomycin A resistance dynamics are intermediate to those seen for rifampicin and arg10-131 

teixobactin, with two clear spikes in resistance: between days 10 and 20 and days 30 and 45 (Figure 132 

2). Resistance had significantly increased to an average of 9.6 µg mL-1 by day 20 (t ratio =-4.117, 133 

P=0.009) representing a ~75-fold increase, 30-fold greater than observed against arg10-teixobactin 134 

but ~70-fold less than rifampicin, across the same period. Resistance plateaued between days 20 to 135 

30 with no significant change (t-ratio =0.859, P=0.424). After 45 days of moenomycin A selection 136 

resistance significantly increased to 128µg/mL (t ratio = 495.241, P<0.001), representing a 1,000-fold 137 

increase over the ancestor. The evolution of moenomycin A resistance is 320-fold greater than seen 138 

for arg10-teixobactin, but 8-fold less than the proportional increase in rifampicin resistance over the 139 

same 45-day period. Experimental culture remained uncontaminated by the confirmation of 140 

methicillin-resistant S. aureus at days 45 and 75 with multiplex PCR approaches. 141 

 142 
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Mechanisms of resistance 143 

Single colonies from the ancestor and each of the evolved arg10 teixobactin and moenomycin A 144 

resistant populations after 45 days of serial passage were isolated and subjected to whole genome 145 

sequence analysis. This showed evolved strains had high identity (>99.9% ) to the ancestor S. aureus 146 

ATCC 33591 showing no contamination. Forty-nine single nucleotide polymorphisms (SNPs) were 147 

identified across the evolved moenomycin A (S-table 6 and S-table 8) resistant strains and 49 SNPs 148 

across the evolved arg10 teixobactin resistant strains (S-table 5 and S-table 7; BioProject accession 149 

PRJNA638552). Larger structural genomic changes and any movement of insertion elements were 150 

not analysed. 151 

These SNP changes may have been due to either neutral or adaptive evolutionary processes. All 152 

other factors being equal, the probability that any one neutral mutation will have reached fixation in 153 

these populations is approximately 1 in 7.5x10-6, but it would have taken a mutation which conferred 154 

a 20% selective advantage (due to increased resistance) just 15 generations have gone from a 0.1 to 155 

99% frequency (27). Any neutral mutations that arose in genomes where there were pre-existing 156 

mutations that conferred increased resistance may have ‘hitch-hiked’ with them and also increased 157 

in frequency. Further, with only a single sequenced isolate per population we do not know if these 158 

mutations were fixed or polymorphic within populations. We did not reverse engineer all possible 159 

mutations in all possible permutations to directly analyse the effects of single and multiple mutations 160 

on resistance as this would require ~364 different strains to be made and tested. Instead we infer the 161 

likely effect of those SNPs which represent likely key resistance mutations with in-silico translations, 162 

structural analyses and inferences of codon usages. Where possible we utilise deposited structures 163 

from the Protein Data Bank to correlate modifications with evolved resistance 164 

(https://www.rcsb.org/).  105 unique SNPs were detected across all evolved genomes, and a full 165 

discussion of these can be found in supplementary data sections 2.1 and 2.2. Mutations that were 166 

found in moenomycin A resistant colonies were conserved across only three key genes in all six 167 

replicate populations. Two of these genes, penicillin binding protein 2 (pbp2) (S-figure 4) and a 168 

bifunctional autolysin (SagB), play key roles in cell wall modulation (figure 3b and 3d). The overlap 169 

between the mutational location and mechanism of resistance mean these changes are highly likely 170 

to alter protein conformation and affect moenomycin A binding (19, 24).  171 

 172 

Two of the three mutations in pbp2, where moenomycin A binds, found here are identical to those 173 

reported in Reberts (20) where a single-step selection for moenomycin A was employed and resulted 174 

in levels of resistance <10% of that observed here. It is possible the inclusion of oxacillin at 10µg/mL 175 

https://www.rcsb.org/
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may have acted to maintain the penicillin resistant nature of pbp2 (28, 29), but mutations in pbp2 176 

were not found in the lines exposed to arg10-teixobactin that also contained oxacillin. The third gene 177 

with mutations across replicate moenomycin A resistant populations was PurR, which is involved in 178 

the regulation of purine metabolism and may potentially offset the energy costs associated with 179 

antibiotic resistance. Changes in PurR have correlated with vancomycin resistance in other studies 180 

(28), but this appears not to be integral for vancomycin resistance as other studies found no such 181 

correlations (30). This highlights the need for direct genetic and biochemical confirmation to confirm 182 

the effect of specific mutations on resistance (28, 31). Cell lines treated with arg10-teixobactin had 183 

mutational patterns which fell into three distinct paths: modifications linked with lipid biosynthesis; 184 

cell wall modulation; and modifications to energy metabolism pathways (figure 3 panel c and e and 185 

supplementary sections 2.1 and 3.2).  It is therefore likely that arg10-teixobactin resistance is driven 186 

by modifications to the cell wall and membrane which result in a modified lipid II which effects 187 

binding, or more likely, producing a less permeable barrier which restricts arg10-teixobactin access to 188 

the target lipid II. However, we are aware of no previous reports evaluating the mechanisms of 189 

resistance to teixobactin for comparison.  190 

 191 

Of the 107 total SNPs across 31 genes for all populations, approximately half (49) are inferred to 192 

induce protein changes by altering primary amino acid sequences or introduce premature stop 193 

codons. Except for a single intergenic mutation, the remaining 58 SNPs were synonymous mutations 194 

and are thus inferred to have no effect on primary amino acid structure, and these may represent 195 

mutations that have hitched-hiked along with those that conferred resistance or are possibly 196 

adaptations to the serial passage regime. However, codon bias has been shown to be a determinant 197 

of gene expression by affecting available mRNA which impacts the rate of protein translation (32). 198 

Only two genes accrued common mutations between arg10-teixobactin and moenomycin A de-novo 199 

resistance, sdrD and sdrE, with 20 different mutations identified in just two of the twelve sequenced 200 

replicates, and so it is possible some of these may have been involved in resistance to oxacillin or 201 

involved in adaptation to the experimental regime. It is the differential responses to arg10-teixobactin 202 

and moenomycin A that provide insight, but since oxacillin was used ubiquitously across all lines, it is 203 

also possible that an interaction between arg10-teixobactin, moenomycin A and oxacillin may have 204 

occurred that would have impacted on the targets identified.  205 

 206 

Consequences of resistance 207 
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The cross resistance of evolved strains was evaluated using a panel of antibiotics (figure 3), and 208 

generally evolving resistance to moenomycin A tends to increase resistance to other antibiotics. 209 

However, there was no strongly significant or marked instance of arg10-teixobactin resistance 210 

conferring cross-resistance to another antibiotic; indeed, evolved resistance to arg10-teixobactin 211 

significantly increases susceptibility to nisin (P<0.001, t-value -8.39). The greatest correlated increase 212 

in cross resistance are for evolved moenomycin A populations to bacitracin which changes from 2 213 

µg/mL to 14.7 µg/mL (t ratio =9.142, P<0.001). Evolved resistance to arg10-teixobactin correlated 214 

with significant but low (<5g mL-1) increases in resistance to moenomycin A and vancomycin 215 

(P<0.013, t-test). The evolution of resistance to moenomycin A also correlated with increased 216 

resistance to teicoplanin, nisin, arg10-teixobactin and vancomycin (P<0.006, t-test). The detection of 217 

cross resistance to other cell-wall targeting compounds is not surprising as these antibiotics have 218 

overlapping targets in the cell wall synthesis pathway (Figure 1). There was no observed difference in 219 

susceptibility against the other tested compounds (P>0.144, t-tests). Further, the evolution of 220 

resistance to rifampicin did not correlate with a significant change in resistance to any of the tested 221 

compounds (P>0.05, t-tests). Though many of the SNPs identified are in ORFs encoding proteins that 222 

have been previously implicated in resistance to existing antibiotics, there was no apparent 223 

correlation between SNP profiles and multi-drug resistance. Arg10-teixobactin evolved strains were 224 

further evaluated for cross resistance against a panel of 12 teixobactin analogues (Supplementary 225 

section 4 and S-Table 3 and S-figure 5 (33). Resistant strains demonstrated a significant increase in 226 

average tolerance across the screened compounds, with an average 2-fold increase (P=0.013, t-value 227 

2.706). Of these 12 compounds, resistant strains were found to be significantly more tolerant to 228 

eight of them (P<0.043, t-tests) with no significant difference against the remaining four (P>0.09, t-229 

tests). It should be noted that there was no overall correlation between arg10-teixobactin resistance 230 

and resistance to a panel of teixobactin analogues with a variety of structural modifications (33) 231 

(R2=0.1807). It is unclear whether naturally occurring teixobactin would show similar resistance 232 

profiles to arg10-teixobactin, but any clinically employed product will likely be an analogue.  Naturally 233 

occurring teixobactin differs by an enduracididine at position 10 (S-figure 1). The enduracididine side 234 

chain has been shown to increase binding affinity to the phosphate of the lipid II target (34). Out the 235 

analogues tested, 8 differ only in respect this position (S-Table 3). The difference in MIC between 236 

these analogues may reflect subtle differences in the mode of action and binding affinities of 237 

teixobactin analogues.  238 

Costs of resistance 239 
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As we infer mutational changes in cell walls correlated with a change in antibiotic resistance, we next 240 

evaluated whether evolved resistance altered tolerance to cell wall stresses generally, as imposed by 241 

increased EDTA and salinity. Strains with evolved resistance to both moenomycin A and arg10-242 

teixobactin show significantly decreased stationary phase cell densities (carrying capacities) in the 243 

presence of 150mM EDTA, but a significant increase in 10% w/v NaCl (P<[insert ANOVA P value 244 

rather than 0.05], ANOVA; S-table2 ) compared to the ancestral strain (S-figure 2 and 3). It is possible 245 

that modification in cell-wall synthesis may have conferred these altered tolerances, but there may 246 

be other evolved physiological changes that are responsible (34). 247 

 248 

Following the removal of arg10-teixobactin selection there was a significant decrease in resistance to 249 

an average of 2.08µg/mL after only 10 days or 65 generations (P=0.002, t ratio 6.031), and to  250 

1.83µg/mL after 35 days which was not significantly different from the ancestral level of resistance 251 

(P=0.38, t ratio 0.917; Figure 2).  Following the removal of moenomycin A there was a significant 252 

decrease in resistance, declining to 85.33µg/mL after 10 days or 65 generations (P=0.01, t ratio 3.16), 253 

dropping sharply to 5.67µg/mL after 30 days, equating to a 20-fold increase in susceptibility to 254 

moenomycin A in 200 generations (Figure 2). Despite the significant decline in resistance, 255 

populations were still 40-fold more resistant to moenomycin A than the ancestral population 30 days 256 

post withdrawal (0.125 versus 5.67µg/mL). By way of comparison, the loss of resistance to rifampicin 257 

is not as acute, and populations are still >200-fold more resistant than the ancestral strain after 30-258 

days or 200 generations in the absence of rifampicin. The maintenance of arg10-teixobactin resistance 259 

following withdrawal appears costly, due to the rapid loss of resistance. The same was observed for 260 

moenomycin A, albeit to a lesser extent. 261 

Conclusion 262 

The evolutionary and physiological responses of S. aureus MRSA to continual moenomycin A and 263 

arg10-teixobactin selection show that both compounds should be considered for clinical 264 

development due to their potent activity and favourable resistance profiles. Though the 265 

development of de-novo resistance was readily acquired against antimicrobials, the rate and extent 266 

of evolved resistance to arg10-teixobactin was substantially less compared with moenomycin A or 267 

rifampicin. We have elucidated potential key molecular targets conveying resistance, which may 268 

inform rational drug design. Furthermore, the cost of maintaining teixobactin resistance makes the 269 

establishment of an environmental resistance reservoir less likely. Moreover, the extent of cross 270 

resistance in evolved teixobactin resistant strains to other key antibiotics was comparatively low 271 

which also signifies its clinical potential. The experimental approach employed here will also prove 272 



10 
 
 

useful in identifying modes of action for hither-to uncharacterised molecules such as natural 273 

products. Together, the information provided here will help inform the development of new clinical 274 

drugs and provide evidence to help the effective implementation of strategies to maximise the 275 

clinical longevity of antibiotics.     276 

 277 

Materials and Methods 278 

 279 

Bacterial strains   280 

Cultures of Staphylococcus aureus subsp. aureus Rosenbach ATCC® 33591™ were grown statically at 281 

37°C in Mueller-Hinton (MH) broth (Oxoid) and on MH agar (Oxoid), supplemented to 10µg/mL 282 

oxacillin and 2% NaCl, to maintain methicillin resistance and inhibit contaminants(35). All evolved 283 

populations derived from a single colony common ancestor. Stocks were cryo-preserved and 284 

maintained at -80°C in 25% glycerol.  285 

Antimicrobial compounds  286 

Arg10 teixobactin  and moenomycin A (S-figure 1 )>98% purity were provided by I. Singh (University 287 

of Lincoln) rifampicin, oxacillin sodium salt, polymyxin B, chloramphenicol, teicoplanin, bacitracin, 288 

nisin and vancomycin hydrochloride from Streptomyces orientalis were all obtained from Sigma-289 

Adrich. 10mg/mL stock solutions of antimicrobials were generated in 18MΩ H2O (Milli-Q), aliquoted 290 

and stored at -20°C until required. 291 

Minimum inhibitory concentration (MIC) determination 292 

The minimum inhibitory concentrations of antimicrobial compounds were determined in Mueller 293 

Hinton (MH) broth using the “broth microdilution method” following CLSI guidelines ISO 20776-294 

1:2006. Inoculums were incubated at 37°C for 24 hours before MIC determination. Cultures and 295 

dilutions were carried out in triplicate.  Briefly, overnight cultures were diluted in MH broth to OD600 296 

0.1. 100µl sterile MH broth was added to wells 2-12 in a 96 well plate, 200µl of tested compound 297 

was added to well 1 at twice the target working concentration. 100µl of well 1 was taken up and 298 

transferred to the 100µl sterile MH already in well 2. The solution was then thoroughly mixed via 299 

pipetting before transfer of 100µl into well 3, this serial dilution was repeated up to well 11. Once 300 

mixed in well 11 100µl was taken out and discarded, leaving well 12 free from treatment to act as a 301 

negative control. To the resultant concentration gradient, 100µl of bacterial dilution was added to 302 

each well before incubation at 37C. After incubation for 24 hours the MIC was determined to be the 303 

well of the lowest concentration to inhibit growth, i.e. to not turn turbid with bacterial growth. 304 

Vancomycin was used as a positive control throughout. 305 
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Multi-step evolution and selection of resistant mutants 306 

The methods used to assess the rate of de-novo resistance development were adapted from 307 

previous methods (36, 37). Antibiotic concentration gradients spanning 0-8 times the most recent 308 

MIC were established in 150µl of MH media across 11 wells of a standard 96 well plate (Sarstedt), 309 

and then inoculated with 150µl 0.5x107 cells mL-1. Wells containing bacterial growth, with growth 310 

comparable to the negative control judged with the naked eye, at the greatest concentration of 311 

antibiotic were selected for sub-culture after 24 hours. A 1:50 dilution of the previous culture was 312 

used to seed the next growth period. Every five days an MIC was performed, and samples stored at -313 

80°C. After 45 days (~300 generations) of continuous culture, the antibiotic selective pressure was 314 

removed, and treated populations were then passaged on without antibiotic selection for a further 315 

30 days (~200 generations). The positive control was treated identically but using rifampicin, and 316 

negative controls using only sterile MH media. The experiment was performed using 6 replicates per 317 

treatment (n=6). All conditions were supplemented to 10µg/mL oxacillin and 2% NaCl, to maintain 318 

methicillin resistance and inhibit contaminants (35). 319 

Evaluation of bacterial growth rates 320 

The fitness associated with any change in moenomycin A resistant and arg10-teixobactin resistance 321 

was determined by growth curve analyses over at 24h period at 37°C in the following conditions: MH 322 

broth, MH supplement with 1/10 of replicate specific maximum MIC [moenomycin A and arg10-323 

teixobactin], 1/10 of replicate specific maximum MIC [rifampicin], 150uM EDTA, 2%NaCl, 10%NaCl 324 

and MH media at 44oC. Optical densities were recorded using the FLUOstar OPTIMA plate reader at 325 

620nm in a Sarstedt standard 96 well plate sealed with ThermalSeal RTS sealing film (SIGMA), taking 326 

readings every 10 minutes with biological replicates. Relative growth rate was determined from 327 

exponential phase growth that fit a linear trend line with an R-squared value greater than 0.9. The 328 

statistical significance of differences in growth rate under each condition were assessed by one-way 329 

ANOVA (P < 0.05), with post hoc Tukey tests S-table 2. 330 

Genome sequencing and sequence analysis  331 

A single colony from ancestral and evolved arg10 teixobactin and moenomycin A resistant populations 332 

were taken for genome analysis on day 45 of serial passage (Figure 2). DNA library construction and 333 

sequencing was carried out by MicrobesNG based at the University of Birmingham, UK and DNA 334 

libraries were prepared using Nextera XT Library Prep Kit (Illumina, San Diego, USA) following the 335 

manufacturer’s protocol but using 2 ng of DNA instead of 1 ng and increasing PCR elongation time to 336 

1 minute from 30 seconds.  Generated libraries were sequenced on the Illumina HiSeq 2500 using a 337 

250 bp paired end protocol. The resultant reads were then trimmed of primer and adaptor 338 

sequences using Trimmomatic v0.38 (38) with the parameters “ILLUMINACLIP:NexteraPE-339 
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PE.fa:2:30:10 LEADING:5 TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:36” and quality checked using 340 

FastQC v0.11.7 (FastQC: a quality control tool for high throughput sequence data. Available online 341 

at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc). The resultant reads were 342 

assembled using SPAdes v3.13.0 (39) with default parameters, obtaining between 12 and 18 contigs 343 

per strain, these were then aligned to S. aureus DSM20231 using MUMmer v3.23 (40). The 344 

assembled contigs were filtered to remove those with less than 1.9x coverage and less than 5,000 345 

bp. Genome completeness and contamination was estimated using CheckM v1.0.13 (41), indicating 346 

near total coverage with >99% completion for all sequences and no detectable contamination.  347 

Genomes were initially annotated using PROKKA v1.13 (42)before using Snippy v4.3.2 348 

(https://github.com/tseemann/snippy) to call variants (snps/indels) to the ancestral genome.  349 

Identified arg10-teixobactin resistance mutations can be seen in S-table 5 and S-table 7 and 350 

identified moenomycin A resistance mutations can be seen in S-table 6 and S-table 8. 351 

Physiological conformation of S. aureus identity 352 

Mannitol salt agar (Oxoid), MacConkeys agar (Oxoid) and eosin methylene blue agar (Oxoid) were 353 

used as selective and differential media to test the culture phenotypes. Strains were streaked onto 354 

each media and resultant growth after 24 hours compared with the ancestor strain. The slide 355 

coagulase test (Sigma-Aldrich) was performed on all created strains at day 45 and 75 alongside tests 356 

as previously described for catalase (43) (S-table 4). 357 

Molecular confirmation of S. aureus identity using multiplex PCR 358 

DNA was extracted from strains using a DNeasy Blood & Tissue Kit (Qiagen). Specific primers 359 

Staph756F, Staph750R, MecA1 and MecA2 (S-tError! Reference source not found.) were utilised to 360 

amplify 16S rRNA and MecA genes to staphylococcal and MRSA strains as previously described (24, 361 

44). PCR products of were electrophoresed through a 1% agarose gel and stained using ethidium 362 

bromide (Sigma-Aldrich). The restriction profiles of fragments from evolved strains were compared 363 

to the ancestral strain to confirm S. aureus MRSA identification.  364 

 365 

Data Availability 366 

The whole genome sequencing data of arg10 teixobactin has been deposited with GenBank under 367 

accession number NZ_JACBAU000000000.1 and bioproject accession number is PRJNA638552 368 
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Figures and  legends 401 

 402 

Figure 1 The location of action of cell wall antimicrobials used in this study. The peptidoglycan precursors are synthesized 403 
into lipid II in the cytoplasm. This is “flipped” across the membrane by the transport lipid (undecaprenyl phosphate). The 404 
glycosyltransferase (GT51) catalyses polymerization of the nascent peptidoglycan chain from lipid II.  Mechanisms of action: 405 
moenomycin A (this study shown in red) binds to the active site of the GT51 glycosyltransferase inhibiting the formation of 406 
the glycan bond (45) .  Vancomycin and teicoplanin bind to the terminal D-alanyl-D-alanine moieties of the NAM/NAG-407 
peptides preventing peptidoglycan formation (46).   Nisin and teixobactin interact with the pyrophosphate of lipid II (47, 48)

 408 
Bacitracin affects the phosphorylation of C55-isoprenyl pyrophosphate and related bactoprenol pyrophosphate by binding 409 
to the pyrophosphate of these molecules. These lipids function as membrane carriers which are “flipped” back in to the cell 410 
and recycled for Lipid II metabolism((49). (adapted from Typas (50)). 411 
 412 

 413 

 414 

Figure 2 Tracking the development and loss of arg10-teixobactin, moenomycin A and rifampicin resistance in S. aureus ATCC 415 
33591 over a 75 day period. Mean±SEM MICs, N=6 populations for each treatment. Antimicrobial selection pressure was 416 
maintained across a gradient from 0-8x the most recent MIC. Parallel cultures were maintained without antimicrobial 417 
selection (not shown for clarity). Antibiotic selective pressures were removed after 45 days. 418 
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 419 

 420 

 421 

Figure 3 The location and mechanism of resistance mutations on cell wall synthetic and modulating enzymes.  Panel a. 422 
arg10-teixobactin (this study) interacts with the pyrophosphate group of lipid II and Lipid III (lipid III not shown) (47, 48). The 423 
Lipid II is synthesized  in the cytoplasm and then “flipped” across the membrane by Mur J (51). Lipid II is incorporated into 424 
the growing peptidoglycan chain at the elongosome. Panel b. Moenomycin A (this study) binds to the active site of the 425 
GT51 glycosyltransferase domain of PBP2 inhibiting the formation of the glycan bond((19).  At the elongosome PBP2 426 
catalyses the formation of the amide and glyosidic bonds. All 6 moenomycin A resistant strains (1-6) showed a suite of 427 
mutations within or near the active site of the GT51 glycosyltransferase domain of the PBP2 protein. Panel c.  At the 428 
divisome, FtsW transfers the lipid II across the cell membranes and catalyses the formation of the glyosidic linkage. The 429 
bPBP transpeptidase and a collection of other factors control the division of the cell. A mutation in arg10-teixobactin 430 
resistant strain 6 was found a conserved extracellular region of FtsW. Panel d. Peptidoglycan structure is modulated by a 431 
suite of autolysins, SagB is a transmembrane muramidases autolysin. All moenomycin A resistant strains 1-6 were found to 432 
harbour a mutation residue F47L within SagB.  Panel e. Lipoteichoic acids are surface-associated adhesion molecules 433 
derived from lipid III,  and have been shown to regulate of autolysins ((52). DltD is involved in the final transfer of the d-434 
alanine to lipoteichoic acids on the outside of the cell. A mutation was found in arg10-teixobactin resistant strain1 and 2. 435 
Adapted from (52-54). 436 

 437 

 438 
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 439 

Figure 4 The mean (±SEM) change in g mL
-1 

susceptibility of peak-resistant 45 day evolved populations to a panel of 440 
antimicrobials (N=6). 441 

 442 
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