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32 ABSTRACT

33 Background: DNA sequencing could become an alternative to in vitro antibiotic susceptibility 

34 testing (AST) methods for the detection of bacterial antibiotic resistance. This is exemplified 

35 by the success in predicting antibiotic resistance (ABR) from the genomes of bacteria such as 

36 Mycobacterium tuberculosis, Staphylococcus aureus or Streptococcus pneumoniae. Here, we 

37 explored the feasibility of determining antibiotic susceptibility with high accuracy from 

38 Enterococcus faecium genomes.

39

40 Methods: We conducted a literature search to compile a catalogue of genes and mutations 

41 predictive of antibiotic resistance in E. faecium. We evaluated the diagnostic performance of 

42 this database to determine susceptibility to 15 different antibiotics using a dataset of 4,730 E. 

43 faecium isolates with available whole-genome sequences and in vitro culture-based AST 

44 phenotypes. We additionally used CARD, ResFinder, AMRFinder and LRE-Finder to assess 

45 their prediction performance against phenotypic resistance.

46

47 Results: Our results show that very accurate genotypic predictions can be obtained for 

48 ampicillin, ciprofloxacin, vancomycin and linezolid resistance, with sensitivity and specificity 

49 well above 95%. High sensitivity (above 90%) was also obtained for clindamycin, 

50 erythromycin, tetracyclines, teicoplanin, and aminoglycosides, although at lower specificity 
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51 (60 to 90%). Sensitivity was expectedly lower for daptomycin (26.6%) and tigecycline 

52 (38.3%), for which the mechanisms of resistance are less well understood. CARD, AMR-

53 Finder and ResFinder produced less accurate predictions than our curated database for most 

54 antibiotics, and particularly in terms of specificity.

55

56 Conclusion: This work represents the largest published effort to date at evaluating the accuracy 

57 of antibiotic susceptibility predictions from E. faecium genomes. Our findings demonstrated 

58 an improved diagnostic accuracy compared to available ABR databases and bioinformatic 

59 tools, and provide new information for future improvements on ABR genotype–phenotype 

60 concordance in E. faecium.
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76 RESEARCH IN CONTEXT

77 Evidence before this study

78 Early proof-of-concept studies demonstrated the feasibility of determining antibiotic resistance 

79 from bacterial genome sequences. Population-based studies are needed to assess the diagnostic 

80 accuracy of genotypic predictions compared to conventional phenotypic AST methods. We 

81 conducted a literature search to identify studies employing whole-genome sequencing for the 

82 detection of antibiotic resistance in Enterococcus faecium. We searched PubMed using the 

83 terms “Enterococcus faecium”; “whole genome sequencing” or “WGS”; “antimicrobial”; 

84 “resistance” or “susceptibility”; and “prediction”, “determination” or “diagnosis” for articles 

85 published up to December 2022. Out of the 161 articles retrieved, 5 investigated the 

86 concordance between WGS-based predictions and phenotypic AST results. One study 

87 investigated the prediction of linezolid resistance specifically. The rest considered predictions 

88 for 7 to 13 antibiotics, using relatively modest sample sizes (100 to 205 E. faecium isolates), 

89 low numbers (<15) of resistant isolates for some antibiotics (e.g. tigecycline), or low numbers 

90 of susceptible isolates for others (e.g. ampicillin). These studies used ResFinder, LRE-finder, 

91 or custom catalogues of resistance markers, generally followed by expert curation and 

92 interpretation of the results, to establish concordance between genotypic and phenotypic AST 

93 results.

94

95 Added value of this study

96 In this study we curated a catalogue of 297 genetic markers involved in resistance to 15 

97 different antibiotics in E. faecium. We used a large and diverse collection of 4,730 E. faecium 

98 isolates, with available whole-genome sequences and conventional AST phenotypes, to assess 

99 the diagnostic accuracy of genotypic predictions obtained by our curated database. Nearly 

100 complete genotype-phenotype concordance could be achieved for ampicillin, ciprofloxacin, 
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101 vancomycin and linezolid. High sensitivity was also obtained for the detection of resistance to 

102 clindamycin, erythromycin, tetracyclines, teicoplanin, and aminoglycosides, although with 

103 lower specificity. Sensitivity was lower for the detection of daptomycin and tigecycline 

104 resistance. We additionally assessed the genotypic predictions of CARD, ResFinder, and 

105 AMRFinder, and found an overall improved accuracy of our curated database compared to 

106 these tools and databases. We have made our curated database of AMR genetic markers, 

107 collection of whole-genome sequences and AST data, and underlying code and bioinformatic 

108 pipelines publicly available to ensure reusability of our results.

109

110 Implications of all the available evidence

111 Our study represents an important improvement in the accuracy of antibiotic resistance 

112 determination from E. faecium genomes. Given the mortality burden of antibiotic-resistant E. 

113 faecium including vancomycin-resistant E. faecium (VRE) and the increasingly routine use of 

114 whole-genome sequencing in clinical microbiology labs, the results and resources (dataset and 

115 curated AMR database) made available here will facilitate the adoption of whole-genome 

116 sequencing as a tool for the diagnosis and surveillance of AMR in E. faecium.

117
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126 INTRODUCTION

127 The World Health Organization (WHO) has declared antimicrobial resistance (AMR) as one 

128 of the top 10 global public health threats facing humanity. Without effective antimicrobials, 

129 the success of modern medicine in treating infections, including during major surgery and 

130 cancer chemotherapy, would be at increased risk. Antibiotic-resistant Enterococcus faecium, 

131 especially vancomycin-resistant E. faecium (VRE), are of particular concern. E. faecium is a 

132 leading cause of hospital-acquired infections such as bloodstream, surgical site, or urinary tract 

133 infections, especially in immunocompromised and critically ill patients. Healthcare-associated 

134 E. faecium are commonly resistant to multiple antibiotics including ampicillin and 

135 vancomycin. Antibiotic-resistant E. faecium is among the top-ten bacterial pathogens with the 

136 highest AMR mortality burden, associated with an estimated 200,000 deaths per annum 

137 globally.1 In Europe, the proportion of vancomycin-resistant E. faecium (VRE), among all 

138 invasive E. faecium isolates, increased from 8.1% in 2012 to 19.0% in 2018.2 As such, VRE is 

139 regarded as a high priority pathogen by the WHO.3

140

141 Growing rates of AMR make antibiotic susceptibility testing (AST) increasingly needed to 

142 ensure that the right antibiotics are prescribed to treat bacterial infections. AST is routinely 

143 performed using culture-based methods such as disk diffusion, broth microdilution or gradient 

144 diffusion (the E-test). As antibiotic resistance is genetically encoded, molecular tests have been 

145 developed to detect genetic markers of AMR. Whole-genome sequencing (WGS) represents 

146 an attractive alternative to both culture and targeted molecular tests for the detection of AMR 

147 as it can, in principle, detect the entire repertoire of AMR genetic determinants (genes and 

148 mutations) and predict resistance to virtually all antibiotics in a single experiment.4–6 The 

149 accuracy of such predictions depends on the availability of curated and updated databases of 

150 AMR genetic determinants, and large and diverse collections of isolates with available AST 
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151 phenotypes and genome sequences to assess the diagnostic performance of such databases. 

152 Automated bioinformatics tools are also needed to analyse and interpret genomic data.7–11

153

154 The success in predicting phenotypic resistance from whole-genome sequences is well 

155 exemplified for several other bacterial species. For Mycobacterium tuberculosis, genotypic 

156 predictions of susceptibility to first-line drugs correlate well with phenotypic 

157 susceptibility.10,12,13 In Staphylococcus aureus, previous studies have shown nearly perfect 

158 concordance between phenotypic AST results and genotypic resistance predictions,10,14 as is 

159 also the case for Streptococcus pneumoniae.15 For E. faecium, previous studies4,9,16–19 used 

160 isolate collections of small sample sizes (100 to 205 isolates) to assess genotype–phenotype 

161 concordance for seven to thirteen antibiotics, and with relatively low resistance rates for some 

162 antibiotics.

163

164 In this work, we conducted a literature review to assemble a catalogue of acquired genes and 

165 mutations predictive of antibiotic resistance in E. faecium. We evaluated the diagnostic 

166 performance of this database to predict ABR to 15 different antibiotics using a dataset of 4,730 

167 E. faecium isolates, with both culture-based antibiotic susceptibility phenotypes and whole-

168 genome sequences available. Our results show very accurate susceptibility predictions for most 

169 antibiotics, an improved accuracy compared to other available ABR databases and 

170 bioinformatic tools and clear directions to achieve full ABR genotype-phenotype concordance. 

171

172

173
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176 RESULTS 

177 Collections of whole-genome sequenced E. faecium isolates used in this study

178 We assembled a dataset of 4,730 E. faecium isolates from 24 independent studies4,9,27–

179 36,18,37,38,20–26 with available whole-genome sequences and antibiotic susceptibility phenotypes. 

180 Table 1 presents the number of isolates, antibiotics tested, AST method used and source of 

181 isolates per study, and Supplementary Data 1 provides isolate-level metadata. The phenotypic 

182 AST data of 3,435 (72.6%) of these E. faecium isolates, whose genome sequences had been 

183 already published,34–38 were made available for this study. Overall, we obtained susceptibility 

184 phenotypes for 15 different antibiotics: 340 isolates tested for daptomycin (37.4% non-

185 susceptible), 359 for doxycycline (38.4% non-susceptible), 673 for ciprofloxacin (74.4% non-

186 susceptible), 2,154 for clindamycin (71.1% non-susceptible), 2,338 for 

187 quinupristin/dalfopristin (33.7% non-susceptible), 2,364 for tetracycline (79.3% non-

188 susceptible), 2,412 for tigecycline (2.5% non-susceptible), 2,635 for streptomycin (43.7% non-

189 susceptible), 2,640 for kanamycin (72.9% non-susceptible), 2,760 for teicoplanin (71.8% non-

190 susceptible), 3,050 for linezolid (4.8% non-susceptible), 3,125 for gentamicin (51.5% non-

191 susceptible), 3,176 for ampicillin (89.3% non-susceptible), 3,251 for erythromycin (97.1% 

192 non-susceptible), and 3,409 for vancomycin (68.1% non-susceptible). See Methods for 

193 definition of non-susceptibility phenotypic category, and Supplementary Tables 1 and 2 for 

194 MIC and zone diameter breakpoints used.

195

196 Database of genetic determinants of antibiotic resistance in E. faecium

197 We compiled a curated database of 297 genetic determinants comprising single mutations 

198 (n=103), combinations of mutations (n=100), chromosomal genes (n=4), single acquired genes 

199 (n=64), and multiple acquired genes (i.e. operons, n=26) for a total of 17 antibiotics, that is, 

200 the 15 antibiotics selected plus streptogramin A and streptogramin B. We encoded for cross-
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201 resistance across tetracyclines (i.e. doxycycline and tetracycline). Resistance to 

202 quinupristin/dalfopristin was called if isolates contained resistance determinants for both 

203 streptogramin A and streptogramin B. As individual genetic determinants (of any of the five 

204 categories above) can influence susceptibility to one or multiple antibiotics, susceptibility to 

205 each of them was encoded as a separate relationship and defined by an ‘effect’ on susceptibility 

206 which we classified as ‘resistance’ (n=212), ‘susceptibility’ (n=4), or ‘undetermined’ (n=81), 

207 based on the existence or lack of evidence in the scientific literature (see Methods). Only 

208 ‘resistance’ and ‘susceptibility’ categories were used to make genotypic predictions. Table 2 

209 summarizes the genetic determinants with ‘resistance’ effect included in the curated database. 

210 Supplementary Data 2 includes the complete database, including the genetic determinants with 

211 ‘undetermined’ effect.

212

213 Genotypic predictions of antibiotic resistance using the curated database

214 Table 3 summarizes the diagnostic performance in terms of sensitivity, specificity, positive 

215 predictive value (PPV) and negative predictive value (NPV), of using the curated database to 

216 determine phenotypic resistance. We calculated these diagnostic metrics to predict both 

217 phenotypic resistance (Table 3) and phenotype non-susceptibility (Supplementary Table 3) 

218 (See Methods for definition of these phenotypic categories).

219

220 Ampicillin resistance (> 8 μg/mL MIC) was predicted with very high sensitivity (99.7%) and 

221 specificity (97.9%). Ampicillin non-susceptibility (> 4 μg/mL MIC) was predicted with the 

222 same specificity (97.9%) and very high sensitivity too (99.6%, Supplementary Table 3), due to 

223 the presence of ampicillin-resistant pbp5 mutations in isolates with MIC of 8 μg/mL (Figure 

224 1A). Ampicillin resistance was attributable to pbp5 mutations only, no isolate carried the blaZ 

225 operon. The pbp5 mutation E629V, proven to cause mild increases in ampicillin MIC 39 was 
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226 the most frequently detected mutation in non-susceptible isolates (n=2,825/2,836, 99.6%), 

227 usually found in combination with M485A (n=2,693, 95.0%) or M485T (n=68, 2.4%). 

228 Mutations V586L (n=391, 13.8%) and M426I (n=1,415, 50.0%) were also found in 

229 combination with these three mutations in non-susceptible isolates (Supplementary Figure 1). 

230 pbp5 mutations E525D, N496K, A499T and A401S, previously suspected to be involved in 

231 ampicillin resistance, were often found in susceptible isolates and consequently discarded as 

232 genetic determinants of resistance. 

233

234 Ciprofloxacin resistance (> 4 μg/mL MIC) was predicted with very high sensitivity (98.0%) 

235 and specificity (98.8%), and attributable to combinations of gyrA and parC mutations, the most 

236 common being combinations of gyrA S84 and parC S82 amino acid changes (n=465/501, 

237 92.8%) and less often the combination of gyrA E88G and parC S82I (n=26, 5.2%).

238

239 Vancomycin resistance (> 4 μg/mL MIC) was predicted with very high sensitivity (98.3%) and 

240 specificity (98.8%). The vanA or vanB operons were detected in 2,187 (94.3%) and 88 (3.8%) 

241 isolate, and both operons in six isolates (0.2%), out of the 2,320 vancomycin-resistant isolates. 

242 Because vanA-positive vancomycin-susceptible isolates have been described,40 caused by the 

243 loss of certain genes in the vanA operon, we encoded resistance based on the presence and 

244 integrity of all genes in the operon, not on the presence of vanA or vanB genes alone. We 

245 encoded for the full vanA operon made up of all seven genes (vanA, vanHA, vanRA, vanSA, 

246 vanXA, vanYA, vanZA) but also for variants of the vanA operon lacking certain genes (Table 2), 

247 as we found such variants in phenotypically resistant isolates (Figure 2). The full vanA operon 

248 was recovered in most resistant cases (1,911, 82.4%); followed by vanAΔvanYA, i.e. the vanA 

249 operon variant lacking vanYA (175, 7.5%); the full vanB operon (94, 4.1%, which include six 
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250 isolates carrying the vanA operon too); vanAΔvanYAΔvanZA (58, 2.6%); vanAΔvanZA (36, 

251 1.4%); vanBΔvanYB (8, 0.3%); and vanAΔvanSA (6, 0.3%). If vancomycin resistance had been 

252 called based on the detection of vanA or vanB genes alone, this would have led to a 5.5% drop 

253 in specificity (93.3%), and just a marginal 0.3% increase in sensitivity (98.6%).

254

255 Teicoplanin resistance (> 2 μg/mL MIC) was predicted with very high sensitivity (98.9%) but 

256 lower specificity (93.3%). The full vanA operon was detected in most resistant cases 

257 (1,708/1,982, 86.2%), followed by vanAΔvanYA (174, 8.8%); vanAΔvanYAΔvanZA (47, 2.4%);  

258 vanAΔvanZA (29, 1.4%); and vanAΔvanSA (3, 0.1%). Specificity was low due to 52 isolates 

259 carrying a vanA operon variant but being phenotypically susceptible to teicoplanin. The 

260 majority of these false positives (44/52) were phenotypically resistant to vancomycin (> 4 

261 μg/mL MIC), thus displaying what has been previously described as a VanB phenotype-vanA 

262 genotype.41–43 Of these 44 isolates, 12 isolates from the same collection35 were re-tested using 

263 E-test (Supplementary Data 3) and found to exhibit an heteroresistance phenotype, as showed 

264 by colonies within the resistant zone on the E-test strips.

265

266 Erythromycin resistance (> 4 μg/mL MIC) was predicted with very high sensitivity (94.3%) 

267 and specificity (96.8%). Phenotypic resistance (n=2,824) could be explained by the acquisition 

268 of single and combinations of erm genes, including ermB alone (n=1,623); ermT alone (n=383); 

269 ermB plus ermT (n=288); ermB plus ermA (n=188); ermB, ermT plus ermA (n=98); ermA alone 

270 (n=72); and ermT plus ermA (n=18). However, we found an unexpectedly high number of false 

271 negatives for erythromycin (n=160, Table 3), so we re-tested five randomly selected false 

272 negatives clustered in large phylogenetic clades (presumed more likely to carry a novel 

273 resistance mechanism) and five sporadic false negatives (presumed more likely to represent a 
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274 phenotypic testing error). See Methods for re-testing selection criteria. All five sporadic false 

275 negatives tested susceptible to erythromycin with E-test (Supplementary Data 3) indicating an 

276 incorrect original Vitek result, while two out of the five clustered false negatives displayed a 

277 variable susceptible/resistant phenotype, pointing to a potential novel erythromycin resistance 

278 mechanism in a subset of clustered false negatives.

279

280 Resistance to doxycycline and tetracycline was predicted with very high sensitivity (97.0% and 

281 99.5%, respectively) but at low specificity, 81.0% and 71.0% respectively (Table 3). 

282 Tetracycline resistance (n=1,869) was caused by single and combinations of acquired tet genes, 

283 being the combination of tetL plus tetM the most common (n=1,049) followed by tetM alone 

284 (n=439), tetM plus tetS (n=198), tetL alone (n=73), tetS alone (n=72), the combination of tetL, 

285 tetM plus tetS (n=26); the combination of tetL, tetM plus tetO (n=2) and tetO alone (n=1). 

286 Doxycycline resistance (n=99) was caused the combination of tetL plus tetM (n=76) and tetM 

287 alone (n=20). Previous studies have also reported very high false positive rates for tetracyclines 

288 in E. faecium,16,17 caused by the detection of tet genes in phenotypically susceptible isolates. 

289 The low specificity observed could be attributable to isolates with an incorrect pAST result or 

290 the presence of silenced AMR genes. To clarify this, we plotted the distribution of false 

291 positives on the phylogenetic tree (Supplementary Figure 2) and re-tested a representative 

292 subset of these. As the high degree of clustering of false positives may be indicative of silenced 

293 tet genes, and a genetic basis for this, we re-tested five false positives clustered in large clades 

294 of false positives (presumably more likely to represent cases of AMR gene silencing), and five 

295 sporadic false positives surrounded by true positives of the same or neighbouring phylogenetic 

296 clade (presumably more likely to represent a phenotypic testing error). As hypothesised, all 

297 five clustered false positives displayed a susceptible phenotype using E-test (Supplementary 

298 Data 3), indicating that their tet genes are silenced, while four of the five sporadic false 
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299 positives tested resistant on E-test, indicating an erroneous original Vitek result. Altogether, 

300 these results point to phenotypic testing errors and silenced tet genes as major sources of false 

301 positive genotypic predictions for tetracyclines.

302

303 High-level aminoglycoside resistance was predicted with very high sensitivity, with 97.7%, 

304 96.8% and 99.4% for streptomycin, gentamicin and kanamycin, respectively (Table 3). False 

305 positive rates were high, due to the presence of aminoglycoside-resistance genes in isolates 

306 with MICs below the high-level resistance breakpoint (i.e. > 512, > 128 and > 512 μg/mL 

307 MICs, respectively), resulting in genotypic predictions of low specificity (88.6%, 82.2% and 

308 66.1%, respectively). High-level streptomycin resistance (n=1,152) was conferred by the 

309 acquisition of both aad(6) and ANT(6)-Ia genes in most isolates (n=1,085), followed by 

310 ANT(6)-Ia alone (n=37) or aad(6) alone (n=3); high-level gentamicin resistance (n=1,610) by 

311 the acquisition of AAC(6')-Ie-APH(2'')-Ia (n=1,550) or APH(2'')-IVa (n=8); and high-level 

312 kanamycin resistance (n=1,924) by the acquisition of both AAC(6')-Ie-APH(2'')-Ia and 

313 APH(3')-IIIa (n=830), APH(3')-IIIa alone (n=614), AAC(6')-Ie-APH(2'')-Ia alone (n=462), 

314 APH(2'')-IVa plus APH(3')-IIIa (n=5) or APH(2'')-Iva (n=2). The low specificity observed 

315 could be attributable to isolates with an elevated MIC below the high-level resistance 

316 breakpoint, a wrong pAST result or the presence of silenced AMR genes. To investigate this, 

317 we focused on isolates with available gentamicin MICs (n=534). A limitation of our dataset is 

318 that aminoglycoside MICs were not available for most isolates. Of the 69 false positives with 

319 available gentamicin MIC, 33 had MICs above the ECOFF (>32 μg/mL) and 36 below 

320 (Supplementary Figure 3), the latter carrying putatively silenced AMR genes. To confirm the 

321 presence of silenced AMR genes, we re-tested 10 false positives with Vitek MICs below the 

322 ECOFF (≤32 μg/mL) using E-test, including five clustered and five sporadic cases. The E-test 

323 results (Supplementary Data 3) showed a mixture of gentamicin resistant (>32 μg/mL, n=7) 
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324 and susceptible (≤32 μg/mL, n=3) isolates, the latter indicating the presence of silenced 

325 aminoglycoside-resistance genes.

326

327 Clindamycin resistance was predicted with high sensitivity (97.1%) but low specificity (62.6%) 

328 (Table 3). Resistance (>2 μg/mL, n=1531) was attributable to combinations of acquired erm 

329 genes, lseE and eatA T450I mutation, including eatA T450I plus ermB (n=535/1,531, 34.9%), 

330 ermB alone (432, 28.2%), ermB and ermA (157, 10.3%), eatA T450I alone (121, 7.9%), ermB 

331 plus ermA plus eatA T450I (86, 5.6%), ermB plus lsaE plus eatA T450I (68, 4.4%), and other 

332 combinations of these four determinants (87, 5.7%). False positives were caused by the 

333 detection of ermB (n=110, 17.7%), ermA (69, 11.1%), eatA T450I (42, 6.7%) and ermB plus 

334 ermA (9, 1.4%) in phenotypically susceptible isolates (n=623).

335

336 Resistance to the antibiotic combination quinupristin-dalfopristin was called if isolates carried 

337 genetic determinants of both streptogramin A (dalfopristin) and streptogramin B (quinupristin) 

338 (Table 2). The sensitivity and specificity of genotypic predictions were high (89.2% and 94.5%, 

339 respectively), although lower than that achieved for other antibiotics (Table 3). Phenotypic 

340 resistance (> 4 μg/mL, n=314) was explained by the coincident detection of eatA T450I 

341 mutation, conferring resistance to dalfopristin, and ermB, conferring resistance to quinupristin 

342 (n=280, 89.2%). Eight of these 280 isolates also carried vatE. Phenotypic non-susceptibility (> 

343 1 μg/mL, n=788) was predicted with lower sensitivity (81.1%) and the same specificity 

344 (Supplementary Table 3).

345

346 The sensitivity of genotypic resistance predictions to the last-line antibiotics tigecycline, 

347 daptomycin and linezolid were the lowest (38.3%, 72.4% and 79.6%) compared to all other 
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348 antibiotics investigated (Table 3), albeit specificities were high (99.7%, 92.0% and 98.2%). 

349 Resistance to tigecycline (n=60) was conferred by non-synonymous SNPs in rpsJ, specifically 

350 by K57E, K57R and Y58D in 13, six and four resistant isolates, respectively. Daptomycin 

351 resistance was conferred by diverse combinations of mutations in liaR, liaS and cls genes, 

352 including liaS (n=13), liaR (n=4) or cls mutations alone (n=5); and combinations of liaS plus 

353 liaR (n=49), liaS, liaR plus cls (n=18), or liaS plus cls mutations (n=3). Overall, the 

354 daptomycin-conferring mutations detected were liaS T120A (n=81), liaR W73C (n=69), cls 

355 R218Q (n=9), cls H215R (n=8), cls A20D (n=7) and cls N13I (n=2). Linezolid resistance 

356 (n=147) was conferred by the G2589T SNP in 23S rRNA (n=72), the acquisition of both optrA 

357 and poxtA genes (n=34), poxtA alone (n=5), cfrB alone (n=5) or G2518A SNP in 23S rRNA 

358 (n=1). We detected an unexpectedly high number of false negatives for linezolid (n=30) whose 

359 phenotypic resistance should have been explained by known resistance mechanisms. We 

360 therefore re-tested all false negatives (Supplementary Data 3) using E-test, which displayed a 

361 susceptible linezolid phenotype (≤4 μg/mL). When considering these new phenotypic results, 

362 the sensitivity of genotypic predictions for linezolid became 100% (Table 3).

363

364 In summary, resistance to ampicillin, ciprofloxacin, vancomycin and linezolid was determined 

365 with very high sensitivity and specificity (at or above 98%). Very high sensitivity was achieved 

366 for teicoplanin, clindamycin, tetracyclines and high-level aminoglycoside resistance, albeit at 

367 a lower specificity. Sensitivity still needs improvement for erythromycin, quinupristin-

368 dalfopristin and, as expected, for the last-line antibiotics tigecycline and daptomycin, for which 

369 their mechanisms of resistance are not fully understood.

370

371

372
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373 Effect of different breakpoints on genotypic predictions

374 We compared the effect of using either CLSI or EUCAST clinical breakpoints (Supplementary 

375 Table 1) on the diagnostic accuracy of genotypic predictions (Table 3 and Supplementary Table 

376 4). We limited our comparison to the antibiotics with breakpoints set by both organizations as 

377 CLSI breakpoints are not set for tigecycline, kanamycin and clindamycin; and EUCAST 

378 clinical breakpoints are not available for daptomycin, tetracycline, doxycycline, kanamycin, 

379 erythromycin and clindamycin. 

380

381 Ampicillin, ciprofloxacin and vancomycin resistance were predicted with very high sensitivity 

382 (99.7%, 98.0%, 98.3%) and specificity (97.9%, 98.8%, 98.8%) when using EUCAST’s clinical 

383 breakpoints (> 8, > 4 and > 4 μg/mL). For ampicillin, the use of CLSI breakpoints 

384 (Supplementary Table 4), which classify isolates of 8 μg/mL MIC as susceptible, led to a 

385 decrease in specificity (91.5%) due to the presence of ampicillin-resistant pbp5 mutations in 

386 isolates with MIC of 8 μg/mL (Figure 1A). For ciprofloxacin, CLSI breakpoints led to a 

387 reduction in sensitivity (88.0%) due to isolates with 4 μg/mL MIC being classified as 

388 phenotypically resistant but lacking any ciprofloxacin resistance mutations. The use of CLSI 

389 breakpoints yielded very similar performance for vancomycin, but worse specificity (84.8%) 

390 for teicoplanin (> 16 μg/mL MIC) than EUCAST breakpoints (> 2 μg/mL MIC, 93.3% 

391 specificity). For quinupristin-dalfopristin, CLSI breakpoints and EUCAST produced very 

392 similar specificity (94.4% vs. 94.5%) and sensitivity (86.9% vs. 89.2%). CLSI and EUCAST 

393 breakpoints are the same for linezolid, and high-level streptomycin and gentamicin resistance.

394

395 In summary, the use of EUCAST clinical breakpoints resulted in better phenotype-genotype 

396 concordance for ampicillin, ciprofloxacin and teicoplanin resistance.

397
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398 Diagnostic performance of genotypic predictions obtained by other publicly available tools

399 As a comparison, we also determined antibiotic resistance from E. faecium genomes using the 

400 latest versions of AMRFinderPlus7 (Supplementary Table 5), ResFinder8 (Supplementary 

401 Table 6), RGI CARD44 (Supplementary Table 7) and LRE-Finder9 for linezolid resistance 

402 (Supplementary Table 8). Relationships of cross-resistance were assumed among antibiotics of 

403 the same antibiotic class when individual antibiotics were not explicitly predicted by an AMR 

404 database (Supplementary Table 9). These tools produced comparable sensitivities and 

405 specificities (Figure 3) for ciprofloxacin (ResFinder and AMRFinderPlus), linezolid (LRE-

406 Finder), and high-level aminoglycoside resistance (AMRFinderPlus), although they most often 

407 under-performed compared to our curated database. Resistance to vancomycin, teicoplanin and 

408 tetracycline was predicted with the same sensitivity as the curated database, but always at lower 

409 specificity. For glycopeptides, lower specificity was caused by truncated variants of the vanA 

410 (vanAΔvanRAΔvanSA) and vanB (vanBΔvanRBΔvanSB) operons detected in phenotypically 

411 susceptible isolates. For tetracycline, the lower specificity achieved by ResFinder and 

412 AMRFinderPlus is explained by the detection of a truncated variant of tetM (a frameshift 

413 mutation at K261fs) in phenotypically susceptible isolates. 

414

415 Very low specificity was obtained for ampicillin, clindamycin and erythromycin, preventing 

416 the use any of these tools to predict resistance for these antibiotics. For ampicillin, the inclusion 

417 of pbp5 mutations in the ResFinder database commonly detected in phenotypically susceptible 

418 isolates resulted in very poor specificity. Similarly, the specificity of clindamycin resistance 

419 predictions by ResFinder and CARD was low due to the detection of ermT in phenotypically 

420 susceptible isolates, a gene known to cause resistance to macrolides but not to lincosamides in 

421 E. faecium. Analogously, the inclusion of msrC as a macrolide-resistance determinant in 

422 ResFinder and CARD led to a drop in specificity when predicting erythromycin resistance. 
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423 msrC is a chromosomally-encoded gene intrinsic to E. faecium strains45 which is unlikely, on 

424 its own, to confer MIC increases above the resistance breakpoint (> 4 μg/mL). CARD produced 

425 very low specificity for most antibiotics (Figure 3). 

426

427 Very high specificity in predictions, comparable to that obtained by the curated database, was 

428 obtained for daptomycin (AMRFinderPlus), tigecycline (all three tools), linezolid (ResFinder 

429 and AMRFinderPlus) and quinupristin-dalfopristin (ResFinder and AMRFinderPlus), albeit 

430 sensitivities were lower than those obtained by the curated database. Lower sensitivity was 

431 caused by the absence of known resistance-conferring determinants in these databases present 

432 in phenotypically resistant isolates. The diagnostic performance of LRE-Finder to predict 

433 linezolid resistance (Supplementary Table 8) was comparable to that obtained by the curated 

434 database (Table 3).

435

436 DISCUSSION

437 This work represents the largest effort conducted to date at evaluating the accuracy of antibiotic 

438 resistance predictions from E. faecium genomes. We curated a database of 297 genetic 

439 determinants known to cause resistance to 15 different antibiotics in E. faecium, and evaluated 

440 the diagnostic performance of this database to predict phenotypic resistance in a dataset of 

441 4,730 E. faecium genomes. We showed that very accurate resistance predictions could be made 

442 for ampicillin, ciprofloxacin, vancomycin, linezolid, teicoplanin, erythromycin and 

443 quinupristin-dalfopristin. The specificity of genotypic predictions needs to be improved for 

444 tetracyclines and high-level aminoglycoside resistance; and sensitivity for tigecycline and 

445 daptomycin.

446
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447 Although mutations in penicillin-binding protein 5 (PBP5) have long been considered the 

448 major contributor to ampicillin resistance in E. faecium, knowledge of what specific amino 

449 acid changes in this protein contribute to resistance has been limited.4,17 This was due to limited 

450 availability of pbp5 DNA sequences, and the narrow comparison of the pbp5-resistance allele 

451 carried by clade A1 isolates against the pbp5-susceptible allele carried by clade B isolates, 

452 which differ by 21 amino acids.46 Here, the availability of diverse clade A2 isolates with 

453 different ampicillin susceptibility (Supplementary Figure 1) allowed us to differentiate the key 

454 amino acid changes contributing to ampicillin resistance, improving our ability to predict 

455 phenotypic resistance with very high accuracy.

456

457 Resistance to glycopeptides was predicted with very high sensitivity and specificity by 

458 encoding and accounting for all the different functional variants of the vanA and vanB operons 

459 in the curated database. Calling glycopeptide resistance based on the detection of the vanA or 

460 vanB genes alone would have resulted in significant drops in specificity and marginal increases 

461 in sensitivity, due to the presence of truncated variants (e.g. vanAΔvanRAΔvanSA,  

462 vanBΔvanRBΔvanSB) of these operons in phenotypically susceptible isolates. On the other 

463 hand, calling resistance based on the detection of the full vanA and vanB operons would have 

464 resulted in lower sensitivity, as we found operon variants lacking certain genes (i.e. 

465 vanAΔvanYA, vanAΔvanZA, vanAΔvanYAΔvanZA and vanAΔvanSA) in phenotypically resistant 

466 isolates. These observations highlight the importance of accounting for all the different vanA 

467 or vanB operon variants present in phenotypically resistant strains (i.e. functional), and avoid 

468 calling glycopeptide resistance based on the detection of vanA or vanB genes alone.

469

470 Commonly used AMR databases produced worse genotypic predictions than our curated 

471 database, with the exception of ciprofloxacin (ResFinder and AMRFinderPlus), linezolid 
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472 (LRE-Finder) and high-level aminoglycoside resistance (AMRFinderPlus) for which their 

473 diagnostic performance was comparable. The detection of truncated and non-functional operon 

474 variants (e.g. vanA and vanB operons), truncated variants of genes (e.g. frameshift mutation in 

475 tetM), non-conferring resistance mutations (e.g. in pbp5) and genes (msrC), and incorrectly 

476 encoded gene-resistance relationships (e.g. ermT) were all reported causes of low specificity. 

477 These results emphasise the requirement of accounting not only for the presence but also for 

478 the integrity of antibiotic resistance genes (i.e. fully assembled without frameshifts or 

479 truncations) when calling resistance; and the importance of continuous and improved curation 

480 of existing databases. 

481

482 Both our curated database and other tools achieved a low specificity in the prediction of 

483 tetracycline and high-level aminoglycoside resistance. In addition to erroneous phenotypic 

484 AST results being the source of part of these discrepancies, we showed that clustering of false 

485 positives in the phylogeny, i.e. the detection of clonally-related and phenotypically-susceptible 

486 isolates carrying the same resistance gene(s), was common and indicated the presence of 

487 silenced AMR genes after phenotypic re-testing. This phenomenon could represent what has 

488 previously been termed as Silencing of Antibiotic Resistance by Mutation (SARM) and 

489 investigated in Staphylococcus aureus.47 Further research is needed to quantify the prevalence 

490 and genetic basis of this phenomenon in E. faecium.

491

492 The absence of known resistance-conferring determinants in these databases present in 

493 phenotypically resistant strains explained the lower sensitivity obtained for certain antibiotics, 

494 particularly for last-line antibiotics (i.e. tigecycline and daptomycin). Although the curated 

495 database achieved better sensitivities for these antibiotics, further research is needed to obtain 
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496 a complete understanding of the genetic basis of resistance to last-line antibiotics in E. faecium. 

497 This is clinically important as these last resort antibiotics are used for the treatment of VRE.

498

499 We additionally compared the effect of using either CLSI or EUCAST clinical breakpoints on 

500 the accuracy of genotypic predictions, and found that EUCAST breakpoints resulted in better 

501 phenotype-genotype concordance for ampicillin, ciprofloxacin and teicoplanin resistance. 

502 These results demonstrate the utility of genotypic resistance determinations in differentiating 

503 wildtype from non-susceptible populations, and establishing the critical concentrations to 

504 define phenotypic resistance.48,49

505

506 Our study has several limitations. We limited our approach to make binary predictions of 

507 antibiotic susceptibility, that is, to differentiate resistant (or non-susceptible) from susceptible 

508 strains. However, antibiotic resistance is a quantitative trait, as shown by a wide range of MICs 

509 for some antibiotics (Figure 1). Further work is needed to determine antibiotic resistance 

510 quantitatively (i.e. MICs) from genomic data, particularly to discriminate between the 

511 intermediate and resistance categories, and inform likelihood of therapeutic success. Despite 

512 the large dataset used, the number of tested isolates was modest (~200 to 400 isolates) for some 

513 antibiotics (daptomycin and doxycycline) and the resistance rates low (2.5 and 5.6%) for others 

514 (tigecycline and linezolid). Larger and more resistant E. faecium populations are needed to 

515 obtain more accurate performance estimates for these antibiotics.

516

517 In conclusion, we curated a database of genetic determinants of antibiotic resistance in E. 

518 faecium and assessed its diagnostic performance in a large and diverse collection of sequenced 

519 strains. The accuracy in predictions was equivalent or enhanced compared to existing 

520 databases. A complete characterization of the genetic basis of non-susceptibility to last-line 
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521 antibiotics, and the mechanisms mediating antibiotic resistance silencing, are needed to close 

522 the remaining sensitivity and specificity gaps in genotypic predictions.

523

524 METHODS

525 Literature review on genetic determinants of antibiotic resistance

526 We aimed at establishing the role of individual genes and mutations on the susceptibility to 

527 specific antibiotics, not to antibiotic classes. We started by extracting a list antibiotics and 

528 AMR genes from review articles on mechanisms of antibiotic resistance in enterococci50–56 and 

529 AMR genotype-phenotype studies in enterococci.4,9,17 We then conducted a targeted PubMed 

530 search for each antibiotic-gene combination to identify the earliest and cumulative evidence 

531 available to date on the role of each chromosomal and acquired gene in the susceptibility to 

532 individual antibiotics. For cases of mutational resistance, we search for all reported mutations, 

533 and combination of mutations, in chromosomal AMR genes.

534

535 Database on genetic determinants of antibiotic resistance in enterococci

536 Following the literature search, each ABR genetic determinant was classified into one of the 

537 following five categories: chromosomal gene, acquired gene, acquired multiple genes, single 

538 mutation, or mutation combination. The effect of genetic determinants on antibiotic 

539 susceptibility was classified as either ‘resistance’, ‘susceptibility’ or ‘undetermined’. The 

540 effect of individual ABR determinants was classified as ‘undetermined’ if they: (1) were 

541 reported in enterococci species other than E. faecium; (2) co-occurred with other determinants 

542 in the same resistant strains so the role of individual genetic determinants could not be 

543 established; (3) were often detected in phenotypically susceptible isolates in our dataset; or (4) 

544 if mutations could not be annotated onto the reference sequence (see below). Evidence on the 

545 effect of genetic determinants was searched specifically for E. faecium, that is, we did not 
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546 assume determinants to have the same effect across different enterococcal species. We 

547 deliberately avoided encoding relationships between genetic determinants and antibiotic 

548 classes, and focused on individual antibiotics instead. The reference nucleotide sequence of 

549 chromosomal genes was extracted from the reference genome of E. faecium Aus0004 strain 

550 (GenBank accession no. CP003351), except for that of pbp5 which was extracted from the 

551 ampicillin-susceptible E. faecium Com15 strain (GenBank accession no. CP025022.1)57. The 

552 reference nucleotide sequence of acquired genes was downloaded preferentially from CARD 

553 v3.1.044, followed by ResFinder v4.0 (database version downloaded in April 2020)58,59 if not 

554 available in CARD, and from the NCBI GenBank if not available in any of the two. See 

555 Supplementary Data 2 for full list of gene names and sequences. We transferred mutations to 

556 the Aus0004 gene numbering system by comparing the reference allele (nucleotide or amino 

557 acid) reported in original publications with that in the Aus0004 refence sequence. If they did 

558 not match, mutation sites (i.e. nucleotide or codon position) were transferred to the Aus0004 

559 numbering system, usually annotated originally in the E. coli numbering system or in another 

560 enterococcal strain. In a few cases mutations could not be annotated onto the reference 

561 sequence and were labelled as ‘undetermined’ and not used to call resistance. Mutations were 

562 annotated following GARC rules (http://fowlerlab.org/2018/11/25/goarc-a-general-ontology-

563 for-antimicrobial-resistance-catalogues/), with a slight adaptation for indels, to include both 

564 the reference and alternative alleles. For example, mutation pbp5@T499I indicate a single 

565 amino acid substitution at codon 499 on pbp5; 23SrRNA@g2589t a single nucleotide 

566 substitution at nucleotide position 2589 in gene 23S rRNA; and rpsJ@I51_del_IRATH a 

567 deletion of amino acids IRATH at amino acid positions 52-56, where the reference amino acid 

568 at codon 51 is an I.

569

570
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571 Collections of whole-genome sequenced enterococcal strains used in this study

572 We used publicly available collections of E. faecium from published studies4,9,27–33,18,20–26 for 

573 which whole-genome sequences (provided as either short reads or assemblies) and antibiotic 

574 susceptibility phenotypes were available (n=1,295). These studies were identified by querying 

575 the NCBI Short Read Archive (SRA) on January 2021 to identify BioProjects that contained 

576 E. faecium genomic sequences, could be linked to a publication, included genomes of natural 

577 isolates (i.e. of clinical, animal or environmental origin, and not laboratory-evolved or 

578 genetically-modified strains), and had isolate-level phenotypic AST metadata. The phenotypic 

579 AST data of an additional 3,435 E. faecium isolates, whose genome sequences had been already 

580 published34–38,60 were made available for this study. Categorical antibiotic susceptibility labels 

581 (i.e. susceptible, intermediate or resistant), the AST method used and minimum inhibitory 

582 concentrations (MICs) or disk diameters measurements reported in these studies were all 

583 collected. We kept 15 antibiotics that had at least 50 susceptible and 50 resistant isolates 

584 available across studies: ampicillin, ciprofloxacin, clindamycin, daptomycin, doxycycline, 

585 erythromycin, gentamicin, kanamycin, streptomycin, linezolid, quinupristin-dalfopristin, 

586 tetracycline, tigecycline, teicoplanin and vancomycin.

587

588 Standardization of phenotypic antibiotic susceptibility data across studies

589 We extracted the MIC and zone diameter breakpoints used to define resistance and non-

590 susceptibility in E. faecium for the fifteen antibiotics studied, including EUCAST 

591 epidemiological cut-offs,61 EUCAST clinical breakpoints v12.062 and CLSI breakpoints.63 

592 Non-susceptibility is defined as the category comprising both the intermediate (or the EUCAST 

593 category ‘Susceptible, increased exposure’) and the resistant categories. EUCAST clinical 

594 breakpoints were chosen preferentially (Supplementary Table 1 and 2). For antibiotics with no 

595 EUCAST clinical breakpoints set (i.e. daptomycin, tetracycline, doxycycline, and 
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596 erythromycin), we used CLSI breakpoints instead. For kanamycin and clindamycin, whose 

597 breakpoints are not set by either EUCAST or CLSI, we used the breakpoints proposed 

598 elsewhere.4 MIC values and zone diameter measurements were used to assign susceptible, 

599 resistance or non-susceptible labels to isolates across studies using the selected MIC and zone 

600 diameter breakpoints. See Table 1 for the antibiotics tested in each study and AST method 

601 used. Supplementary Data 1 contains the original and standardised antibiotic susceptibility 

602 labels.

603

604 In silico prediction of antibiotic resistance from whole-genome sequences

605 We used ARIBA64 for the identification of antibiotic resistance genes and mutations from 

606 whole-genome sequences as it is an established, open source bioinformatic tool designed for 

607 that purpose. We thus formatted our curated database of AMR genetic determinants to ARIBA-

608 complaint input files, that is, to a metadata and FASTA file of reference sequences using a 

609 custom python script (prepare_ariba_files_from_amr_database.py). ARIBA v2.14.6 was run 

610 separately on each isolate genome. For isolates with only genome assemblies available, perfect 

611 paired-end fastq reads were generated from assemblies using fastaq v3.17.0 

612 (https://github.com/sanger-pathogens/Fastaq). A custom python script was written to parse 

613 ARIBA reports and call resistance (call_resistance_from_ariba_report.py) based on the 

614 presence of single or combinations of mutations, and on the presence and integrity (i.e. fully 

615 assembled genes without frameshifts or truncations) of single or multiple acquired genes. In 

616 this script, we used a minimum ratio of reads supporting alternative alleles of 10% to call 

617 resistance from heterozygous mutations. The default 10% cut-off was chosen to allow the 

618 detection of a single mutated 23S allele when predicting linezolid resistance, while ignoring 

619 sequencing errors, as previously proposed.9 We additionally run the command-line tools of 

620 LRE-Finder9 v1.0.0, ResFinder8 v4.1.10 (which includes PointFinder, version downloaded on 
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621 March 2022), AMRFinderPlus7 v3.10.18 with database version 2021-12-21.1, and RGI v5.2.1 

622 using CARD database v3.1.444, to obtain genotypic predictions of antibiotic resistance for all 

623 isolate genomes. All scripts can be found in the GitHub page of this project 

624 (https://github.com/francesccoll/amr_efm_wgs).

625

626 Assessing the diagnostic performance of genotypic predictions

627 The selected MIC and zone diameter breakpoints (Supplementary Tables 1 and 2) were used 

628 to assign either the ‘susceptible’ or ‘resistance’ label to all tested isolates for each antibiotic. 

629 In this case, the phenotypic intermediate category was ignored. We additionally assigned the 

630 label ‘susceptible’ or ‘non-susceptible’ to all isolates, wherein the ‘non-susceptible’ category 

631 comprises both the intermediate and resistant categories. These phenotypic categories were 

632 used as the reference standard and compared against genotypic predictions made using our 

633 database of curated AMR genetic determinants. Additionally, phenotypic categories were also 

634 compared to genotypic predictions made by ResFinder8 v4.1.10, AMRFinderPlus7 v3.10.18 

635 and RGI v5.2.1 CARD v3.1.4.44 

636

637 We classified isolates as: true positives, if phenotypically resistant (or non-susceptible) with 

638 known resistance-conferring genetic determinant(s) detected in their genome; true negatives, 

639 if phenotypically susceptible in the absence of any genetic determinant; false positive, if 

640 phenotypically susceptible in the presence of a known genetic determinant; and false negative, 

641 if phenotypically resistant (or non-susceptible) but not carrying known resistance-conferring 

642 genetic determinant(s) in their genome. We calculated commonly used metrics of diagnostic 

643 performance using the epi.tests function from the epiR v2.0.43 R package on R v4.1.0, 

644 including: negative predictive value (NPV), positive predictive value (PPV), sensitivity and 

645 specificity. 95% confidence intervals were calculated using exact binomial confidence limits. 
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646 We additionally calculated the diagnostic performance of resistance and non-susceptibility 

647 genotypic predictions using only EUCAST clinical breakpoints or only CLSI breakpoints.

648

649 Prioritization criteria and AST methods used to re-test isolates with incongruent genotypic 

650 predictions

651 Due to the large number of antibiotics tested (n=15) and isolates analyzed (n=4,730, of which 

652 3,435 from internal collections were available for re-testing), we prioritized a subset of isolates 

653 with incongruent genotypic predictions (i.e. false negatives and false positives) for antibiotic 

654 susceptibility re-testing to resolve the source of phenotype-genotype discrepancies. No isolates 

655 were re-tested for ampicillin, ciprofloxacin and vancomycin as almost perfect phenotype-

656 genotype concordance was achieved for these antibiotics using our curated database. No 

657 isolates could be re-tested for daptomycin as all isolates tested for this antibiotic were obtained 

658 from published studies (i.e. not available from internal collections). For the remaining 

659 antibiotics, we focused on those with unexpectedly high number of false negatives 

660 (erythromycin and linezolid), for which phenotypic resistance should have been explained by 

661 known mechanisms of resistance; and on antibiotics with a high number of false positives 

662 (gentamicin, tetracycline and teicoplanin), i.e. with phenotypically-susceptible isolates 

663 carrying known ABR genes. For linezolid we re-tested all 30 false negatives. For erythromycin, 

664 due to the large number of false negatives (n=160), we re-tested five randomly selected false 

665 negatives clustered in large phylogenetic clades (presumably more likely to carry a novel 

666 mechanism of resistance) and five sporadic false negatives (presumably more likely to 

667 represent a phenotypic testing error). For gentamicin and tetracycline, antibiotics with large 

668 numbers of false positives, we followed similar selection criteria: five false positives clustered 

669 in large clades of false positives were selected (presumably more likely to represent cases of 

670 ABR gene silencing); and five sporadic false positives surrounded by true positives of the same 
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671 or neighboring phylogenetic clade (presumably more likely to represent a phenotypic testing 

672 error). For teicoplanin, all false positives from the same study (gouliouris2020, n=12/52) were 

673 re-tested. All susceptibility re-testing was performed from frozen stocks, plated onto CBA and 

674 grown overnight at 37C. ETEST®s (biomérieux, France) were performed according to 

675 EUCAST guidelines.61

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695
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696 DATA ACCESS

697 The whole genome sequences of the strain collections used in this study are available on 

698 European Nucleotide Archive (ENA) under the accessions listed in Supplementary Data 1, 

699 which also includes the antibiotic susceptibility phenotypes and genotypes. All scripts 

700 necessary to run the described analyses are available on GitHub 

701 (https://github.com/francesccoll/amr_efm_wgs).
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736

737 FIGURES LEGENDS

738 Figure 1. MIC distributions with antibiotic resistance determinants included in the curated 

739 database. These bar plots show the number of isolates (in the y-axis) with different MICs (x-

740 axis) per antibiotic. The left-most MIC category includes all isolates with MIC equal to or 

741 lower than the MIC value specified. The right-most MIC category includes all isolates with 

742 MIC equal to or higher than the MIC value specified. The distribution of AMR genetic 

743 determinants within each bar (MIC category) is showed with different colours; see legend at 

744 the right-hand side of each plot. Vertical dotted lines indicate the MIC breakpoints used in this 
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745 study (see Supplementary Table 1). For the antibiotic doxycycline, most AST data available 

746 was obtained with the disc diffusion method, so no MIC data was available for plotting.

747

748 Figure 2 Variants of vanA and vanB operons found in vancomycin resistant and susceptible 

749 isolates. Panels A to C show the variants of vanA and vanB operons found in vancomycin-

750 resistant isolates (i.e. putatively functional). No vanB operon variants were found among 

751 vancomycin-resistant isolates, apart from the complete operon. Panel D shows operon variants 

752 found in vancomycin-susceptible isolates (i.e. putatively non-functional) that contain the ligase 

753 van gene (vanA or vanB). Other rare operon variants lacking the van gene were also detected 

754 (n=7, not shown).

755

756 Figure 3. Diagnostic accuracy of genotypic antibiotic resistance predictions of the curated 

757 database compared to other databases. This figure shows the sensitivity and specificity of 

758 genotypic antibiotic resistance predictions when using the curated database compared to the 

759 values obtained by AMRFinder, ResFinder and CARD RGI. See Materials and Methods for 

760 details on database versions used. The sensitivity and specificity obtained by LRE-Finder to 

761 determine linezolid resistance (81% and 98.8%, respectively) was comparable to those obtain 

762 by the curated database (79.6% and 98.2%, respectively).

763
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764 Figure 1 MIC distributions with antibiotic resistance determinants included in the curated database
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775 Figure 1 MIC distributions with antibiotic resistance determinants (continued)
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777 Figure 2 Variants of vanA and vanB operons found in vancomycin resistant and susceptible 
778 isolates
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781 Figure 3 Diagnostic accuracy of genotypic antibiotic resistance predictions of the curated database 
782 compared to other databases
783
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786 Table 1 Characteristics of E. faecium collections used in this study
Study Id # 

isolates Antibiotics tested and used AST methods Geographical origin 
(year) Sources

gouliouris202135 1658 AMP, VAN, TEC, TET, TGC, STR, 
GEN, KAN, ERY, CLI, Q/D, LZD Vitek2 P607 UK (2015) Clinical

raven201637 495 AMP, VAN, TEC, CIP, GEN, ERY, 
LZD Vitek2 P607 or ADM UK (2001–2011) Clinical

gouliouris201938 398 AMP, VAN, TEC, TET, TGC, STR, 
GEN, KAN, ERY, CLI, Q/D, LZD Vitek2 P607 UK (2014-2015) Wastewater

zaheer202020 336 AMP, VAN, TEC, DOX, TGC, STR, 
GEN, ERY, Q/D, LZD Disk diffusion USA (2014-2016) Clinical, cattle, beef, 

water and wastewater

raven201736 293 AMP, VAN, TEC, TET, TGC, STR, 
GEN, KAN, ERY, CLI, Q/D, LZD Vitek2 P607 UK (2006-2012) Clinical

gouliouris201834 267 AMP, VAN, TEC, TET, TGC, STR, 
GEN, KAN, ERY, CLI, Q/D, LZD Vitek2 P607 UK (2014-2015) Chicken, turkey, pig and 

cattle

Cambridge ICU 243 AMP, VAN, TEC, TET, TGC, STR, 
GEN, KAN, ERY, CLI, Q/D, LZD Vitek2 P607 UK (2016) Clinical

van-hal201621 132 VAN Vitek2 Australia (2004–2007 and 
2011–2013) Clinical

rushton201922 116 AMP, VAN, TET, ERY BMD or E-test New Zealand (2000-
2003) Clinical and poultry

wang201823 106 VAN, DAP BMD (MicroScan 96Plus) 
and E-test (DAP) 2009-2013 Clinical

tyson201824 100 VAN, DAP, CIP, TET, TGC, STR, 
GEN, KAN, ERY, Q/D, LZD BMD CMV3AGPF USA (2014) Cattle, chicken, turkey 

and pork 

wardenburg201925 96 VAN, DAP, LZD Disk diffusion (VAN) or E-
test

USA and Pakistan (2012 
- 2018)

Environmental or 
clinical

Vietnam ICU60 81 AMP, VAN, TEC, TET, TGC, STR, 
GEN, KAN, ERY, CLI, Q/D, LZD Vitek2 P607 Vietnam (2017-2018) Clinical

bortolaia202018 50 AMP, VAN, CIP, TET, GEN, ERY, 
LZD BMD Denmark (not reported) Clinical

zankari20134 49 AMP, VAN, TEC, CIP, TET, TGC, BMD Denmark (2011) Pigs
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787 Characteristics and number of E. faecium isolates of the 24 collections used in this study. Collections are ordered decreasingly by the number of 
788 available E. faecium isolates. Isolate-level metadata, including genome accession numbers and AST phenotypic metadata can be found in 
789 Supplementary Data 1. Only antibiotics with at least 50 susceptible and 50 resistant isolates across studies were considered and presented in this 
790 table. Antibiotic name abbreviations: AMP, ampicillin; VAN, vancomycin; TEC, teicoplanin; DAP, daptomycin; CIP, ciprofloxacin; TET, 
791 tetracycline; DOX, doxycycline; TGC, tigecycline; STR, streptomycin; GEN, gentamicin; KAN, kanamycin; ERY, erythromycin; CLI, 
792 clindamycin; Q/D, Quinupristin/Dalfopristin; LZD, linezolid. Other abbreviations: AST; antibiotic susceptibility testing; ADM, agar dilution 
793 method; BMD, broth microdilution.
794
795
796 Table 2 Summary of antibiotic resistance genetic determinants included in the curated database

STR, GEN, KAN, ERY, LZD

kerschner201926 46 LZD E-test Austria (2014) Clinical

manson201927 43 VAN, DAP, CIP, TET, TGC, GEN, 
KAN, ERY, LZD BMD USA (2013) Chicken meat

zhou201828 37 VAN Vitek2 Netherlands (2014) Clinical

hasman20199 36 LZD BMD Denmark (2015-2018) Clinical

roach201529 35 AMP, VAN, DAP, CIP, TET, TGC, 
ERY, LZD BMD (Sensititre) USA (2012-2013) Clinical

douglas201930 31 DAP E-test Australia (2014-2015) Clinical

prater201931 29 AMP, VAN, DAP, ERY BMD Not specified Clinical

kessel202032 28 TGC Vitek2 and E-test Germany (2014-2017) Clinical

kwak202033 25 AMP, VAN, DOX, LZD Disk diffusion USA and Canada (2014-
2015) Clinical

Overall 4730
AMP, VAN, TEC, DAP, CIP, TET, 
DOX, TGC, STR, GEN, KAN, ERY, 
CLI, Q/D, LZD

Vitek2, Disk diffusion,  
BMD, BMD (Sensititre),  
BMD (MicroScan 96Plus) 
and E-test

UK, Denmark,  
Netherlands, Germany, 
Austria, USA, Canada, 
Australia, New Zealand, 
Vietnam and Pakistan

Clinical, water, 
wastewater, chicken, 
turkey, pigs, cattle, 
chicken meat, beef and 
pork
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797
single acquired genes multiple acquired genes single mutations multiple mutations

Antibiotic # Gene names # Operon or gene names # Gene names # Gene names
ampicillin - - 1 blaZ operon 10 pbp5 (n=10) 7 pbp5 (n=7)

vancomycin - - 10 vanA operon variantsa and 
vanB operon variantsb - - - -

teicoplanin - - 5 vanA operon variantsa - - - -

daptomycin - - - - 14
cls (n=7), liaF 
(n=2), liaR (n=2), 
liaS (n=3)

28
lia gene+cls (n=14), lia 
genes (n=3) and others 
(n=11)c

ciprofloxacin - - - - 15 gyrA (n=12), parC 
(n=3) 30 gyrA+gyrB+parC (n=2), 

gyrA+parC (n=28)

tetracycline 8 tetL, tetM, tetO, tetS, tetWNW, tetK, 
tetT, tetW - - - - - -

tigecycline 1 tetX1 - - 7 rpsJ (n=7) 8 rpsJ (n=8)

streptomycin 5 ANT(3'')-Ia, aad(6), ANT(6)-Ia, 
ANT(6)-Ia-pAML0157, APH(2'')-Ie - - - - - -

gentamicin 6 AAC(6')-Ie-APH(2'')-Ia, APH(2'')-IIa, 
APH(2'')-IIIa, APH(2'')-IVa, APH(6)-Ic - - - - - -

kanamycin 6
AAC(6')-Ie-APH(2'')-Ia, APH(2'')-IIa, 
APH(2'')-IIIa, APH(2'')-IVa, APH(3')-
IIIa, ANT(4')-Ia

- - - - - -

erythromycin 6 ermB, ermB-E7067, ermA, ermT, ermC, 
mefA - - - - - -

clindamycin 7 ermB, ermB-E7067, ermA, lsaA, lsaE, 
lnuA, lnuB - - 1 eatA (n=1) - -

strep. Ad 5 lsaA, vgaD, vatH, vatD, vatE - - 1 eatA (n=1) - -
strep. Bd 4 lsaA, vgbA, ermB, ermB-E7067 - - - - - -
Q-D - - 1 vatD + vgbA genes - - - -

linezolid 4 cfrA, cfrB, optrA, poxtA - - 20
23SrRNA (n=15), 
rplC (n=1), rplD 
(n=3), rplV (n=1)

2 23SrRNA (n=1), 
23SrRNA+rplC (n=1)

798
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799 This table summarises 212 genetic determinants included in the curated database and predictive of antibiotic resistance in E. faecium. See Supplementary 
800 Data 2 for the complete database. The dash symbol ‘-’ indicates lack of genetic determinants in that category. a vanA operon variants include: the complete 
801 vanA operon, vanAΔvanSA, vanAΔvanYA, vanAΔvanZA and vanAΔvanYAΔvanZA. b vanB operon variants include: the complete vanB operon, vanB-
802 pE7948 variant (isolated from E. faecium isolate E7948 plasmid 3 (NZ_LR135359.1)), vanB-pE7948ΔvanWB-pE7948, vanB-pE7948ΔvanB-
803 pE7948::vanB and vanBΔvanRB::vanRB-pE7948. c Other rare combinations of mutations associated with daptomycin resistance. d Quinupristin-
804 Dalfopristin resistance was predicted if isolates carried determinants for both streptogramin A and streptogramin B. Abbreviations: strep. A, streptogramin 
805 A; strep. B, streptogramin B; Q-D, quinupristin-dalfopristin. Cross-resistances across fluoroquinolones (i.e. ciprofloxacin), and across tetracyclines (i.e. 
806 doxycycline and tetracycline) was assumed.
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4345808

Preprin
t n

ot p
eer re

vie
wed



41

831 Table 3 Accuracy of genotypic predictions of phenotypic resistance when using the curated database
832

Antibiotic Resistant Susceptible Not tested TP FN TN FP Sensitivity Specificity PPV NPV

ampicillin 2792 340 1599 2785 7 333 7 99.7
(99.5-99.9)

97.9
(95.8-99.2)

99.7
(99.5-99.9)

97.9
(95.8-99.2)

vancomycin 2320 1089 1322 2281 39 1076 13 98.7
(98.1-99.1)

98.8
(98-99.4)

99.4
(99-99.7)

96.5
(95.2-97.5)

teicoplanin 1982 778 1971 1961 21 726 52 98.9
(98.4-99.3)

93.3
(91.3-95)

97.4
(96.6-98.1)

97.2
(95.7-98.3)

daptomycin 127 213 4391 92 35 196 17 72.4
(63.8-80)

92
(87.5-95.3)

84.4
(76.2-90.6)

84.8
(79.6-89.2)

ciprofloxacin 501 172 4058 491 10 170 2 98
(96.4-99)

98.8
(95.9-99.9)

99.6
(98.5-100)

94.4
(90-97.3)

tetracycline 1869 489 2373 1860 9 347 142 99.5
(99.1-99.8)

71
(66.7-74.9)

92.9
(91.7-94)

97.5
(95.3-98.8)

doxycycline 99 221 4411 96 3 179 42 97
(91.4-99.4)

81
(75.2-85.9)

69.6
(61.2-77.1)

98.4
(95.3-99.7)

tigecycline 60 2352 2319 23 37 2346 6 38.3
(26.1-51.8)

99.7
(99.4-99.9)

79.3
(60.3-92)

98.4
(97.9-98.9)

streptomycin 1152 1483 2096 1125 27 1314 169 97.7
(96.6-98.4)

88.6
(86.9-90.2)

86.9
(85-88.7)

98
(97.1-98.7)

gentamicin 1610 1515 1606 1558 52 1246 269 96.8
(95.8-97.6)

82.2
(80.2-84.1)

85.3
(83.6-86.9)

96
(94.8-97)

kanamycin 1924 716 2091 1913 11 473 243 99.4
(99-99.7)

66.1
(62.5-69.5)

88.7
(87.3-90)

97.7
(96-98.9)

erythromycin 2824 95 1812 2664 160 92 3 94.5
(93.6-95.4)

96.8
(91-99.3)

99.9
(99.7-100)

36.5
(30.6-42.8)

clindamycin 1531 623 2577 1486 45 390 233 97.1
(96.1-97.8)

62.6
(58.7-66.4)

86.4
(84.7-88)

89.7
(86.4-92.4)

Q-D 314 1550 2867 280 34 1465 85 89.2
(85.2-92.4)

94.5
(93.3-95.6)

76.7
(72-81)

97.7
(96.8-98.4)

linezolid 147 2903 1681 117 30 2850 53 79.6
(72.2-85.8)

98.2
(97.6-98.6)

68.8
(61.3-75.7)

99
(98.5-99.3)

linezolid* 117 2933 1681 117 0 2880 53 100
(96.9-100)

98.2
(97.6-98.6)

68.8
(61.3-75.7)

100
(99.9-100)
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833 Metrics of diagnostic performance when using the curated database to predict phenotypic antibiotic resistance. Here the intermediate susceptibility category 
834 is ignored, i.e. isolates with intermediate susceptibility are treated as not tested. See Supplementary Table 3 for the diagnostic performance achieved by 
835 when predicting phenotypic non-susceptibility, that is, when treating the intermediate and resistance categories as non-susceptible. See Supplementary 
836 Table 1 and 2 for MIC and zone diameter breakpoints used in this study. Abbreviations: QD, quinupristin-dalfopristin; TP, true positive (phenotypically-
837 resistant isolate carrying an AMR genetic determinant); FN false negative (phenotypically-resistant isolate not carrying any AMR genetic determinant); 
838 TN, true negative (phenotypically-susceptible isolate not carrying any AMR genetic determinant); FP, false positive (phenotypically-susceptible isolate 
839 carrying an AMR genetic determinant); PPV, positive predictive value; NPV, negative predictive value. *accuracy of genotypic predictions for linezolid 
840 after re-testing 30 false negatives, which tested susceptible using E-test.
841
842
843

844

845

846

847

848

849

850

851

852

853
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