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Introduction 

 

• Omadacycline is a third generation aminomethylcycline within the tetracycline class that exhibits 

activity against Staphylococcus aureus, including methicillin-resistant strains (MRSA), streptococci 

including S. pneumoniae, vancomycin-resistant enterococci (VRE), Enterobacterales, Acinetobacter 

spp. and Stenotrophomonas maltophilia. 

• Omadacycline also shows activity against pathogens that cause community-acquired bacterial 

pneumonia (CABP), including atypical bacterial pathogens such as Legionella pneumophila, 

Mycoplasma pneumoniae, and Chlamydia pneumoniae. 

• Omadacycline was designed specifically to retain activity against bacterial strains expressing 

resistance to the old generation tetracyclines via efflux pump and ribosomal protection mechanisms. 

• However, during the surveillance program, omadacycline demonstrated elevated MIC values when 

tested against a small proportion of S. aureus, while MIC results for the old generation tetracyclines 

(i.e. tetracycline, doxycycline and minocycline) remained overall within the susceptible category when 

applying the current breakpoints. 

• This study was conducted to investigate the resistance mechanisms among S. aureus clinical isolates 

responsible for this discrepant phenotype between omadacycline and legacy tetracyclines. 
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Materials and Methods 

Bacterial organisms 

• A total of 25,345 S. aureus were included in the surveillance program for omadacycline during 

2016-2020. Among these isolates, 269 (1.1%) S. aureus had a non-susceptible phenotype to 

omadacycline but were susceptible to tetracycline, doxycycline, and minocycline.  

• Six S. aureus and 1 control isolate (NRS382) were selected for this study. All 6 query isolates 

belonged to the same genetic background, either ST5 or a close variant. Therefore, NRS382 was 

chosen as a control representative of ST5. 

• An additional random collection of S. aureus surveillance isolates were included in the analysis of 

the association between mutations in rpsJ and omadacycline MIC results. 

Susceptibility testing 

• Isolates were tested for susceptibility by broth microdilution following the Clinical and Laboratory 

Standards Institute (CLSI) M07 (2018) guidelines. 

• Frozen-form broth microdilution panels were manufactured by JMI Laboratories (North Liberty, 

Iowa) and contained cation-adjusted Mueller-Hinton broth. 

• Omadacycline MIC values were interpreted using current interpretive criteria defined by the U.S. 

Food and Drug Administration (FDA). The MIC values for the comparator agents were interpreted 

by the FDA (tigecycline), CLSI, and/or EUCAST criteria. 

Genome sequencing and analysis 

• Selected isolates had total genomic DNA extracted by the fully automated Thermo Scientific™ 

KingFisher™ Flex Magnetic Particle Processor (Cleveland, OH, USA), which was used as input 

material for library construction. 

• DNA libraries were prepared using the Nextera™ library construction protocol (Illumina, San 

Diego, CA, USA) following the manufacturer’s instructions and were sequenced on MiSeq 

Sequencer platforms at JMI Laboratories. 

• FASTQ format sequencing files for each sample set were assembled independently using de 

novo assembler SPAdes 3.11.0. An in-house software was applied to align the assembled 

sequences against a comprehensive in-house database containing known tetracycline 

resistance genes. 

• Sequences associated with the mepRAB (multidrug export protein) operon (specifically mepR), 

rpsJ (S10 rRNA), and 16S rRNA were analyzed by comparing the nucleotide/amino acid 

sequences with those sequences from the USA100 NRS382 strain, a representative of ST5. 

Transcriptome RNA sequence 

• The total RNA was extracted and purified from log phase bacterial cultures displaying cell 

density of OD600 of 0.3 to 0.5 using the RNeasy Mini Kit in the Qiacube workstation (Qiagen, 
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Hilden, Germany) according to manufacturer instructions. Residual DNA was eliminated by 

treatment with RNAse-free DNase (Promega, Madison, Wisconsin, USA). 

• A total of up to 2 g of RNA was subjected to rRNA depletion using Ribo-Zero® (Gram-

Negative) rRNA Removal Kit (Illumina) according to the manufacturer’s instructions 

• Whole transcriptome RNA-Seq cDNA library preparation was performed using the TruSeqTM 

Stranded mRNA Library Prep (Illumina) with eluted Ribo-Zero-treated RNA samples described 

above as input material.  Library preparation was performed according to manufacturer’s 

instructions beginning with fragmentation of mRNA. 

• Sequencing was carried out on MiSeq sequencers using MiSeq Reagent Kit V3 (150-cycle). 

Fold change of expression of target genes was calculated to an exact test based on a quantile-

adjusted conditional maximum likelihood (qCML) method. 

Epidemiology typing 

• Multilocus sequence typing (MLST) was performed by extracting a defined set of 7 

housekeeping gene fragments (∼500 bp). 

o Each fragment was compared to known allelic variants for each locus (housekeeping 

gene) on the MLST website (PubMLST, https://pubmlst.org). 

• An allele sharing 100% genetic identity with a known variant received a numeric designation 

o A 7-number sequence (1 for each housekeeping gene) formed an allelic profile, defined 

as sequence type (ST). 

o Isolates containing alleles that did not match an existing sequence in the MLST 

database were submitted/deposited for allele and ST assignments. 
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Results 

• All 6 isolates selected for this study belonged to clonal complex (CC) 5, which included 3 ST 

types (ST5, ST105 and ST3390). All 3 ST types differed by a single loci (yqiL) (Table 1). 

• No acquired tetracycline resistance genes were found among the 6 isolates included in this study, 

and these isolates showed wildtype sequences for MepR and 16S rRNA (Table 2). 

• All 6 strains had alterations within the RpsJ protein, either a single, double, or triple amino acid 

change (Table 2). 

o All 6 strains had the lysine amino acid at position 57 within RpsJ replaced by either a 

methionine or glutamic acid. 

o Isolates showing a single K57M had corresponding omadacycline MICs of 1–2 mg/L, 

whereas those with additional mutations at H56 and/or Y58 had omadacycline MICs of 4–

8 mg/L. 

o Similarly, isolates with K57M alone had tigecycline and minocycline MICs of 0.25–0.5 

mg/L and 0.25 mg/L, respectively. These MICs increased to 1–2 mg/L when both amino 

acids K57 and Y58 were altered. 

o Those isolates with a single alteration at K57 had a tetracycline MIC of 1 mg/L; these MIC 

values increased to 2–4 mg/L in the presence of double or triple mutations in RpsJ. 

o S. aureus with a single (K57M) or double (H56R/K57M or K57E/Y58F) alterations in RpsJ 

had doxycycline MIC results of 0.5–1 mg/L. Isolate 969579, where a triple amino acid 

alteration noted in RpsJ, had a doxycycline MIC of 2 mg/L. 

• In general, a transcriptome analysis of 11 select genes showed similar levels (<4-fold) of 

transcription when compared to NRS382. The only exceptions were noted for norA, when 5 

isolates showed levels of expression approximately 8- to 12-fold higher than the control strain 

(Table 3). 

• A random collection of CC5 S. aureus surveillance isolates were selected to evaluate the 

presence and frequency of RpsJ alterations, and association with omadacycline MIC (Table 4). 

o In general, S. aureus isolates displaying omadacycline MIC results of ≤0.25 mg/L 

showed wildtype sequences for RpsJ, whereas those with a single K57M tended to have 

MIC values of 0.5–2 mg/L. Isolates with double mutations displayed omadacycline MIC 

values of 4–8 mg/L. 

o Similar trends were observed for tigecycline, where MIC results of ≤0.12 mg/L were 

associated with wildtype RpsJ sequences and MIC of ≥0.25 mg/L occurred among 

isolates showing the single K57M or multiple mutations. 
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Conclusions 

• In general, the isolates included in this study were selected due to an omadacycline 

nonsusceptible phenotype and a susceptible phenotype to other tetracycline agents, including 

tigecycline, minocycline, doxycycline, and tetracycline. 

• Isolates showing such phenotypes are rare and observed in 269 of 25,345 (1.1%) S. aureus 

surveyed through the SENTRY Program during 2016-2020. 

• The omadacycline MIC results (1–8 mg/L) tended to be 2- to 8- fold higher than those MIC values 

obtained for tigecycline, minocycline, doxycycline, and tetracycline. These isolates lacked any 

acquired tetracycline resistance genes, which would have conferred resistance to the legacy 

tetracycline, but not the newer generation agents (omadacycline and tigecycline). 

• The 6 isolates investigated here had alterations within RpsJ at histidine, lysine, and/or tyrosine at 

positions 56, 57, and 58, respectively. These amino acids are within a loop in the S10 ribosomal 

protein, and this loop is in close proximity to the 16S rRNA and the tetracycline binding pocket, 

especially the lysine at position 57. 

• An additional collection of characterized S. aureus surveillance isolates was selected to further 

evaluate the presence of these alterations within the S10 loop and their impact on tetracycline 

MIC. 

o In general, similar correlations were noted between alterations within the S10 loop and 

omadacycline and tigecycline MIC results. In addition, similar correlations were observed 

between mutations and tetracycline and doxycycline MIC when acquired tetracycline-

resistance genes were not present. 

• Based on these results, the MIC for all 5 tetracycline agents were affected by the mutations within 

the RpsJ loop, and the location and number of mutations seemed to correlate with MIC. However, 

it is unclear the effect of each amino acid alteration or their cumulative effect on the MIC for old 

and new generation tetracyclines. 
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Table 1 Demographic, sequence types, and MIC data for S. aureus isolates collected from US hospitals and selected for this study 

JMI No.a Year City 
Age/ 

Gender 

Infection 

typeb 

Infection 

source 

Organism 

sourcec 

MLSTd  MIC (Susceptibility interpretation [FDA/CLSI/EUCAST])e 

ST Profile  OMC  MIN TIG DOX TET  

NRS382 2016 NAa NAa NAa Blood NAa 5 1-4-1-4-12-1-10  0.25 (S) 0.12 (S/S) 0.12 (S/S) 0.12 (S/S) 0.5 (S/S) 

968665 2016 Tampa 67/F SSSI Wound HA 3390 1-4-1-4-12-1-483  1 (I) 0.25 (S/S) 0.25 (S/S) 0.5 (S/S) 1 (S/S) 

3 2019 NAa NAa SSSI Wound NAa 105 1-4-1-4-12-1-28  2 (R) 0.25 (S/S) 0.5 (S/S) 1 (S/S) 1 (S/S) 

978827 2016 Pensacola 68/F SSSI Wound CA 105 1-4-1-4-12-1-28  2 (R) 0.25 (S/S) 0.5 (S/S) 1 (S/S) 1 (S/S) 

1001313 2017 Kansas City 29/F Pneumonia Sputum HA 5 1-4-1-4-12-1-10  4 (R) 0.5 (S/S) 0.5 (S/S) 1 (S/S) 2 (S/I) 

1070433 2018 Seattle 71/F Pneumonia Sputum HA 5 1-4-1-4-12-1-10  8 (R) 1 (S/S) 2 (NS/R) 1 (S/S) 2 (S/I) 

969579 2016 Tampa 22/M Pneumonia Sputum CA 5 1-4-1-4-12-1-10  8 (R) 1 (S/S) 1 (NS/R) 2 (S/I) 4 (S/R) 

a All clinical isolates were selected by the sponsor, except for NRS382, which is the control strain used in this study as a representative of the ST5 clonal lineage. NRS382 is also known 

as USA100. NA, not available. 

b SSSI, skin and skin structure infection. 

c HA, hospital-acquired; CA, community-acquired. 

d MLST, multilocus sequence typing. All isolates belong to ST5 or a single locus (yqiL) variant.  

e S, susceptible; I, intermediate; R, resistant. OMC, omadacycline; MIN, minocycline; TIG, tigecycline; DOX, doxycycline; TET, tetracycline. OMC MIC results were interpreted using FDA 

criteria; TIG MIC results were interpreted using FDA and EUCAST criteria; other tetracycline MIC results were interpreted using CLSI and EUCAST criteria. 
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Table 2 Tetracycline-acquired resistance genes and amino acid alterations detected among S. aureus clinical isolates 

JMI No.a MLSTb 
Tetracycline 

genes 

Mutation analysis for the following sequencesc  MIC (Susceptibility interpretation ([FDA/CLSI/EUCAST])d 

RpsJ  16S MepR Tet38   OMC  MIN TIG DOX TET  

NRS382 5 –  HKY WT WT WT  0.25 (S) 0.12 (S/S) 0.12 (S/S) 0.12 (S/S) 0.5 (S/S) 

968665 3390 –  HMY WT WT WT  1 (I) 0.25 (S/S) 0.25 (S/S) 0.5 (S/S) 1 (S/S) 

3 105 –  HMY WT WT WT  2 (R) 0.25 (S/S) 0.5 (S/S) 1 (S/S) 1 (S/S) 

978827 105 –  HMY WT WT WT  2 (R) 0.25 (S/S) 0.5 (S/S) 1 (S/S) 1 (S/S) 

1001313 5 –  RMY WT WT WT  4 (R) 0.5 (S/S) 0.5 (S/S) 1 (S/S) 2 (S/I) 

1070433 5 –  HEF WT WT WT  8 (R) 1 (S/S) 2 (NS/R) 1 (S/S) 2 (S/I) 

969579 5 –  YMF WT WT WT  8 (R) 1 (S/S) 1 (NS/R) 2 (S/I) 4 (S/R) 

a All clinical isolates were selected by the sponsor, except for NRS382, which is the control strain used in this study as a representative of the ST5 clonal lineage. NRS382 is also known 

as USA100. 

b All isolates belong to ST5 or a single locus (yqiL) variant.  

c Sequences were screened for amino acid mutations against those from the NRS382 control strain. Only the 3 RpsJ amino acids where alterations were detected are shown, which were 

histidine at position 56, lysine at position 57, and tyrosine at position 58. Alterations in other protein sequences are shown as detected or assigned as wildtype (WT) if they were identical 

or not applicable (NA) for the control strain. 

d S, susceptible; I, intermediate; R, resistant. OMC, omadacycline; MIN, minocycline; TIG, tigecycline; DOX, doxycycline; TET, tetracycline. OMC MIC results were interpreted using FDA 

criteria; TIG MIC results were interpreted using FDA and EUCAST criteria; other tetracycline MIC results were interpreted using CLSI and EUCAST criteria. 
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Table 3 Expression analysis of 11 S. aureus intrinsic genes associated with tetracycline resistance 

JMI No. 

Relative gene expressiona 

abcA lmrS mdeA mepA msrA norA norB norC sdrM sepA tet38 

968665 0.69 0.88 0.92 0.98 1.00 9.82 1.26 0.79 0.87 0.59 0.48 

3 0.81 1.01 0.86 0.92 1.11 9.94 1.67 1.23 0.55 0.55 0.70 

978827 0.86 0.90 0.96 1.08 0.79 10.06 1.43 0.68 0.94 0.76 0.68 

1001313 0.70 0.85 0.62 0.63 0.90 0.91 1.72 1.01 1.16 0.91 0.85 

1070433 0.83 0.83 0.37 0.87 1.06 8.44 1.27 0.54 1.17 0.93 0.62 

969579 0.63 0.62 0.64 0.98 0.37 11.91 3.39 0.59 0.76 0.55 2.41 

a Expression level values (fold change) relative to the control strain, NRS382. Elevated values (>5-fold) are highlighted in blue. 
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Table 4 Selection of characterized S. aureus surveillance isolates to further investigate the correlation between mutations within RpsJ and 

tetracycline MIC 

JMI No.a RpsJb  Genec 
MIC (mg/L)d 

OMC MIN TIG DOX TET CLI DAP ERY GEN LEV LZD TLV T/S VAN 

944923 HKY – 0.06 ≤0.06 0.06 ≤0.06 ≤0.5 >2 0.5 >8 ≤0.5 >4 1 0.03 ≤0.5 0.5 

946273 HKY – 0.12 ≤0.06 0.12 ≤0.06 ≤0.5 ≤0.25 0.25 >8 ≤0.5 4 1 0.03 ≤0.5 1 

977524 HKY – 0.12 ≤0.06 0.06 ≤0.06 ≤0.5 >2 0.5 >8 >8 >4 1 0.12 ≤0.5 1 

977593 HKY – 0.12 ≤0.06 0.06 ≤0.06 ≤0.5 >2 1 >8 >8 >4 2 0.06 ≤0.5 1 

977711 HKY – 0.12 ≤0.06 0.06 ≤0.06 ≤0.5 >2 0.5 >8 >8 >4 0.5 0.06 ≤0.5 1 

989444 HKY – 0.12 ≤0.06 0.06 ≤0.06 ≤0.5 >2 0.5 >8 ≤0.5 >4 1 0.03 2 1 

977640 HKY – 0.12 0.12 0.12 0.12 ≤0.5 >2 0.5 >8 >8 >4 1 0.06 ≤0.5 1 

974904 HKY – 0.25 0.12 0.12 0.12 ≤0.5 >2 0.5 >8 >8 >4 1 0.06 ≤0.5 1 

975020 HKY – 0.25 0.12 0.12 0.12 ≤0.5 >2 0.5 >8 >8 >4 1 0.06 ≤0.5 1 

981538 HKY – 0.25 0.12 0.12 0.12 ≤0.5 >2 1 >8 >8 >4 1 0.06 ≤0.5 1 

975498 HKY – 0.5 0.25 0.12 0.25 ≤0.5 >2 0.5 >8 ≤0.5 >4 1 0.03 ≤0.5 1 

971333 HMY – 0.5 0.5 0.25 1 1 ≤0.25 0.5 0.12 >8 >4 1 0.06 ≤0.5 1 

971338 HMY – 0.5 0.5 0.25 1 1 >2 0.5 >8 >8 >4 1 0.06 ≤0.5 1 

971402 HMY tet(M) 0.5 >8 0.25 8 >8 >2 0.5 >8 >8 >4 1 0.06 ≤0.5 1 

971175 HMY – 1 0.25 0.12 0.5 1 >2 0.25 >8 >8 >4 1 0.06 ≤0.5 1 

968665 HMY – 1 0.25 0.25 0.5 1 >2 0.5 >8 ≤0.5 >4 1 0.06 ≤0.5 1 

741929 HEY – 1 0.25 4a 0.5 1 >2 1 >8 ≤0.5 >4 1 0.06 ≤0.5 1 

971199 HMY – 1 0.5 0.25 1 1 >2 0.5 >8 >8 >4 1 0.06 ≤0.5 1 

971337 HMY – 1 0.5 0.12 1 1 >2 0.5 >8 ≤0.5 >4 1 0.06 ≤0.5 1 

971405 HMY tet(M) 1 >8 0.25 8 >8 >2 0.5 >8 >8 >4 1 0.06 ≤0.5 1 

971406 HMY tet(M) 1 >8 0.25 8 >8 >2 0.5 >8 >8 >4 1 0.06 ≤0.5 1 

971409 HMY tet(M) 1 >8 0.25 8 >8 >2 0.5 >8 >8 >4 1 0.03 ≤0.5 0.5 

971423 HMY tet(M) 1 >8 0.25 8 >8 >2 0.5 >8 >8 >4 1 0.06 ≤0.5 1 

971500 HMY tet(M) 1 >8 0.25 8 >8 >2 0.25 >8 ≤0.5 >4 1 0.06 ≤0.5 1 

971549 HMY tet(M) 1 >8 0.25 8 >8 >2 0.25 >8 >8 >4 1 0.06 ≤0.5 1 

971143 HMY tet(M) 2 >8 0.25 8 >8 >2 0.5 >8 ≤0.5 >4 1 0.12 ≤0.5 1 

971193 HMY tet(M) 2 >8 0.25 8 >8 >2 0.5 >8 >8 >4 1 0.12 ≤0.5 1 

971339 HMY tet(M) 2 >8 0.25 >8 >8 >2 0.25 >8 ≤0.5 >4 1 0.06 ≤0.5 1 
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JMI No.a RpsJb  Genec 
MIC (mg/L)d 

OMC MIN TIG DOX TET CLI DAP ERY GEN LEV LZD TLV T/S VAN 

971430 HMY tet(M) 2 >8 0.25 >8 >8 >2 0.5 >8 >8 >4 1 0.12 ≤0.5 1 

3 HMY – 2 0.25 0.5 1 1 >2 NA NA NA >4 NA NA NA NA 

978827 HMY – 2 0.25 0.5 1 1 >2 0.5 >8 ≤0.5 >4 1 0.06 ≤0.5 1 

775917 HMY tet(M), tet(K) 2 >8 1 8 >8 >2 0.5 >8 ≤0.5 >4 ≤0.12 0.06 ≤0.5 2 

831679 HMY tet(M) 2 >8 1 8 >8 >2 0.25 >8 NA >4 1 0.03 ≤0.5 1 

785124 HMY – 4 0.5 2a 1 2 ≤0.25 0.5 0.25 >8 >4 1 0.06 ≤0.5 1 

1001313 RMY – 4 0.5 0.5 1 2 >2 0.25 >8 ≤0.5 >4 1 0.06 ≤0.5 2 

409652 HMF tet(M) 4 >8 1 8 >8 >2 0.5 >8 ≤0.5 >4 2 0.5 ≤0.5 1 

555086 HMY tet(M) 4 >8 2 8 >8 >2 0.5 >8 ≤0.5 >4 1 0.12 ≤0.5 1 

1070433 HEF – 8 1 2 1 2 0.12 0.25 8 ≤0.5 >4 4 0.06 ≤0.5 1 

969579 YMF – 8 1 1 2 4 ≤0.25 0.25 2 ≤0.5 >4 1 0.06 ≤0.5 1 

770186 YMN tet(M) 8 >8 1 8 >8 >2 0.5 >8 ≤0.5 >4 8 0.06 ≤0.5 1 

a All MRSA isolates, except for isolate 946273. Selection of isolates phenotypically and genotypically characterized belonging to ST5 or variant (CC5) for comparison purposes. 

The 6 isolates included in study are highlighted in orange. Those CC5 isolates characterized under the 16-PAR-06 study are highlighted in blue. Isolates 741929 and 785124 had 

a preliminary stop codon at MepR and an overexpression of MepA. Non-highlighted isolates are those additional CC5 isolates included for comparison. 

b RpsJ sequences were screened for amino acid mutations using NRS382 as a control strain. Only the 3 RpsJ amino acids where alterations were detected are shown: 

histidine at position 56, lysine at position 57, and tyrosine at position 58.  

c Acquired tetracycline resistance genes as detected. Genes screened are described in Table 2. “–“ indicates when an acquired tetracycline resistance gene was not detected.  

d OMC, omadacycline; MIN, minocycline; TIG, tigecycline; DOX, doxycycline; TET, tetracycline; CLI, clindamycin; DAP, daptomycin; ERY, erythromycin; GEN, gentamicin; LEV, 

levofloxacin; LZD, linezolid; TLV, telavancin; T/S, trimethoprim-sulfamethoxazole; VAN, vancomycin. 

 

 

 


