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Abstract 57 

Rationale: 58 

 The clinical impact of infection with Mycobacterium abscessus complex (MABC), a 59 

group of emerging non-tuberculosis mycobacteria (NTM), is increasing. Mycobacterium 60 

abscessus subsp. abscessus/bolletii frequently shows natural resistance to macrolide 61 

antibiotics, whereas Mycobacterium abscessus subsp. massiliense is generally susceptible. 62 

Therefore, rapid and accurate discrimination of macrolide-susceptible MABC subgroups is 63 

required for effective clinical decisions about macrolide treatments for MABC infection. 64 

Objectives: 65 

 To develop a simple and rapid diagnostic that can identify MABC isolates showing 66 

macrolide susceptibility. 67 

Methods:  68 

 Whole genome sequencing (WGS) was performed for 148 clinical or environmental 69 

MABC isolates from Japan to identify genetic markers that can discriminate three MABC 70 

subspecies and the macrolide-susceptible erm(41) T28C sequevar. Using the identified 71 

genetic markers, we established PCR based- or DNA chromatography-based assays. 72 

Validation testing was performed using MABC isolates from Taiwan. 73 

Measurements and Main Results: 74 
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 We identified unique sequence regions that could be used to differentiate the three 75 

subspecies. Our WGS-based phylogenetic analysis indicated that M. abscessus carrying the 76 

macrolide-susceptible erm(41) T28C sequevar were tightly clustered, and identified 11 genes 77 

that were significantly associated with the lineage for use as genetic markers. To detect these 78 

genetic markers and the erm(41) locus, we developed a DNA chromatography method that 79 

identified three subspecies, the erm(41) T28C sequevar and intact erm(41) for MABC in a 80 

single assay within one hour. The agreement rate between the DNA chromatography-based 81 

and WGS-based identification was 99.7%. 82 

Conclusions: 83 

 We developed a novel, rapid and simple DNA chromatography method for 84 

identification of MABC macrolide susceptibility with high accuracy. 85 

  86 
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Introduction 87 

 The Mycobacterium abscessus (heterotypic synonym; Mycobacteroides abscessus)(1, 88 

2) complex (MABC) is a group of rapid-growing non-tuberculosis mycobacteria (NTM) that 89 

includes three subspecies: M. abscessus subsp. abscessus (M. abscessus), M. abscessus subsp. 90 

massiliense (M. massiliense), and M. abscessus subsp. bolletii (M. bolletii)(3, 4). MABC 91 

causes a range of clinical infections including chronic pulmonary disease even in 92 

immunocompetent persons, as well as postsurgical or traumatic infections and skin and soft 93 

tissue infections(4–8). 94 

 Among NTM infections, treatment outcomes for MABC infections are relatively 95 

worse and the in-hospital mortality rate can reach 16%(5, 9–13). These poor outcomes are due 96 

in part to the extensive antibiotic resistance of MABC(14). However, some MABC patients 97 

achieve good clinical outcomes with standard antibiotic regimens(15–17). Out of the three 98 

subspecies, M. massiliense is susceptible to macrolide antibiotics whereas M. abscessus and 99 

M. bolletii are resistant(18, 19). In the presence of macrolide antibiotics M. abscessus and M. 100 

bolletii exhibit inducible expression of erythromycin ribosomal methylase (erm)(41), which 101 

produces the Erm protein that reduces macrolide affinity for the ribosome exit tunnel(20–22). 102 

M. massiliense harbors a truncated erm(41) that produces inactive Erm(41). A T-to-C 103 

sequence variant (sequevar) at position 28 (T28C) of the erm(41) gene also results in 104 

production of an inactive enzyme, and does not result in inducible macrolide resistance of M. 105 
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abscessus and M. bolletii, which are generally macrolide resistant. These observations 106 

indicate that determination of subspecies and detection of intact erm(41) and the erm(41) 107 

T28C sequevar of MABC can inform prediction of clinical course and treatment outcome. In 108 

fact, the 2020 ATS/ERS/ESCMID/IDSA Clinical Practice Guideline strongly recommends a 109 

macrolide-containing multidrug treatment regimen for patients with MABC respiratory 110 

disease caused by strains without inducible macrolide resistance(23). Accordingly, 111 

discrimination of subspecies and identification of the erm(41) T28C sequevar is crucial. 112 

Sequencing of single 16S rRNA or the RNA polymerase beta subunit (rpoB) cannot 113 

distinguish MABC subspecies because these loci are nearly identical(13, 24). Several studies 114 

have examined use of multi-locus sequencing typing (MLST) of housekeeping genes to 115 

separate subspecies(25–28). Advances in whole�genome sequencing (WGS) technology 116 

allowed MABC clinical isolates to be phylogenetically divided into three subspecies even at 117 

the whole genome level(29, 30). However, detection of the erm(41) T28C sequevar still 118 

requires sequencing of the entire erm(41) gene. Although MLST and/or WGS analyses allow 119 

discrimination of erm genes, these analyses are time-consuming and labor intensive in clinical 120 

practice. Thus, novel assays that are simple and rapid yet retain discriminatory power required 121 

to distinguish subspecies and to identify the erm(41) T28C sequevar are needed. 122 

We previously reported a PCR-based method to differentiate MABC subspecies, but 123 

the capacity of this test was limited(31). In the present study, we analyzed WGS data for 148 124 
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MABC isolates from Japan to explore genetic markers associated with each subspecies and 125 

the erm(41) T28C sequevar. We propose a novel, rapid and easy-to-use DNA chromatography 126 

method that can identify all MABC subspecies as well as intact erm(41) and the erm(41) 127 

T28C sequevar in a single assay. 128 

Materials and methods 129 

For further details on the applied methods, see the online data supplement 130 

Bacterial isolates 131 

A total of 147 MABC clinical isolates and one environmental isolate (strain 132 

MabLRCB1) obtained for differential diagnosis at 19 hospitals (listed in Acknowledgments) 133 

in Japan were considered. Of the clinical isolates, 138 originated in the respiratory system, 8 134 

were isolated from skin lesions, and 1 strain was isolated from a blood sample (Table S1). 135 

Another 103 clinical isolates were obtained from Taiwan National University Hospital 136 

(Yoshida et al., manuscript in preparation, Table S2). All strains were classified as MABC 137 

using a DDH Mycobacteria kit (Kyokuto Pharmaceutical Industrial, Tokyo, Japan) or by 138 

MALDI-TOF MS (Bruker Daltonics, Billerica, MA, USA). M. abscessus subsp. abscessus 139 

JCM 13569T (ATCC 19977), M. abscessus subsp. massiliense JCM 15300T and M. abscessus 140 

subsp. bolletii JCM 15297T (BD) type strains were obtained from the Japan Collection of 141 

Microorganisms of the Riken Bio-Resource Center (BRC-JCM; Ibaraki, Japan). All bacterial 142 
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strains/isolates were subcultured on 2% Ogawa egg slants or 7H10 agar plates supplemented 143 

with 10% OADC.  144 

PCR assays for discriminating M. abscessus subspecies and erm(41) T28C sequevar 145 

 Single-PCR and multiplex PCR assays differentiating M. abscessus, M. massiliense, 146 

and M. bolletii, as well as the erm(41) T28C sequevar were conducted essentially as described 147 

previously(31) using newly constructed primers (see supplemental methods). Briefly, 148 

template DNA for PCR assays was isolated from one loopful of a mycobacterial colony 149 

grown on 7H10 medium that were resuspended in 300 μl sterilized water, boiled at 95 °C for 150 

15 min and frozen at -30 °C. PCR amplification was performed using a Mastercycler gradient 151 

(Eppendorf) with 95 °C for 10 min; 30 cycles of 95 °C for 30 sec, 60 °C for 30 sec, and 72 °C 152 

for 40 sec; and extension at 72 °C for 10 min. Amplification to identify the erm(41) T28C 153 

sequevar was performed in the Mastercycler gradient using 95 °C for 10 min; 35 cycles of 154 

95 °C for 1 min, 62 °C for 1 min, and 72 °C for 1 min; and extension at 72 °C for 4 min. The 155 

PCR products were separated by 2% agarose gel electrophoresis and stained with ethidium 156 

bromide. The analytical limit of detection of the multiplex PCR assay was estimated by 157 

applying serial dilutions of DNA from M. abscessus ATCC19977, M. massiliense JCM 15300, 158 

and M. bolletii BD, in addition to several clinical MABC isolates. To assess the multiplex 159 

PCR assay specificity, several laboratory and clinical isolates were used including the M. 160 

avium complex (10 clinical isolates and one laboratory stain), M. conceptionense, M. 161 
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fortuitum, M. gordonae, M. houstonense, M. kansasii, M. leprae (3 clinical isolates and one 162 

laboratory stain), M. lentiflavum, M. peregrinum, M. salmoniphilium, M. senegalense, M. 163 

shimoidei, M. smegmatis, M. szulgai, M. triplex, M. tuberculosis (10 clinical isolates and one 164 

laboratory stain), and M. xenopi. 165 

DNA chromatography assay for discriminating MABC subspecies, intact erm(41) and 166 

the erm(41) T28C sequevar 167 

 We applied a DNA chromatography method that was described elsewhere(32–34) to 168 

distinguish the MABC subspecies, intact erm(41) gene and the erm(41) T28C sequevar. This 169 

assay comprises PCR amplification and amplicon detection. All primers used in the assay are 170 

listed in Table 3. Briefly, primers with 5' tags, which have a domain that anneals to the target 171 

sequence and a tag domain that hybridizes to a single-stranded DNA probe on the chip or gold 172 

nanoparticle, were used for amplification. DNA extraction was performed essentially as 173 

described previously(6, 35). Total genomic DNA was extracted from frozen samples (as 174 

described above) using a Kaneka easy DNA extraction kit for Mycobacteria (KANEKA, 175 

Osaka, Japan). PCR was performed using a 20 μl mixture containing 10 μl PCR Mix 176 

(KANEKA, Osaka, Japan), 5 μl primer mix (5 primer sets, 0.5 μM each, Table 3), 1 μl 177 

template DNA. Amplification was performed in a Life ECO thermocycler (BIOER Co. Ltd., 178 

Hangzhou, China) with 25 °C for 5 min and 94 °C for 1 min, followed by 35 cycles of 94 °C 179 

for 5 sec, 65 °C for 10 sec, and 72 °C for 15 sec. An aliquot of the amplicons supplemented 180 
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with 70 μl development buffer (KANEKA, Osaka, Japan) was applied to the detection strip 181 

sample pad (KANEKA, Osaka, Japan). After 10 min, blue lines were confirmed visually. 182 

Sensitivity and specificity tests for the DNA chromatography were performed as described 183 

above. 184 

 185 

Results 186 

Subspecies identification based on core gene alignment of MABC isolates 187 

 In the context of genome-based taxonomy, phylogeny involving concatenated core 188 

gene alignments is frequently used instead of 16S rRNA or rpoB gene sequences. We first 189 

examined whether a concatenated sequence of core genes, which are defined as homologous 190 

genes present in all strains examined, could distinguish the three MABC subspecies. Using a 191 

concatenated sequence of 2,957 core genes, the 148 MABC isolates could clearly be divided 192 

into three clades, with 92 (62.2%), 52 (35.1%), and 4 (2.7%) isolates identified as M. 193 

abscessus, M. massiliense, and M. bolletii, respectively (Fig. 1). This result is consistent with 194 

our previous report showing that multi-locus sequence typing (MLST) of rpoB, hsp65, and 195 

the ITS region could discriminate the three subspecies with 97.5% accuracy(31). Moreover, 196 

most isolates could be phylogenetically categorized in agreement with the core-locus 197 

phylogeny, although 4 (2.7%) were inconsistently categorized (Fig. S1A). Another group 198 

proposed a MLST scheme using seven housekeeping genes(28). We confirmed that this 199 

scheme could reliably discriminate the three MABC subspecies (Fig. S1B). We also 200 
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confirmed the subspecies identification by calculating the average nucleotide identity (ANI) 201 

for all MABC isolates (Fig. S2). The minimum ANI within each of the three subspecies was 202 

98.4 (within M. abscessus), 98.3 (within M. massiliense), and 99.1 (within M. bolletii), while 203 

the maximum ANI between subspecies was 97.5 (between M. abscessus and M. massiliense), 204 

97.7 (between M. abscessus and M. bolletii), and 97.0 (between M. massiliense and M. 205 

bolletii). These results indicated that phylogenetic analysis based on core-locus alignment 206 

indeed differentiated the three MABC subspecies and suggested that their subspecies 207 

boundaries were approximately 98% ANI. 208 

Multiplex PCR assay for discriminating the three MABC subspecies 209 

 Since WGS and/or MLST are not feasible for clinical settings, we sought to develop 210 

an alternative method to distinguish the three subspecies of MABC. We focused on “genetic 211 

markers” specific to each subspecies. We first aligned the complete genome sequences of type 212 

strains (ATCC 19977, JCM 15300, and BD) and draft genome sequences of 14 representative 213 

clinical isolates with progressiveMauve(36) and visually identified unique insertion/deletion 214 

(indel) regions in each of the three subspecies. We then designed three primer sets specific for 215 

sequences around the indel regions for size-based differentiation of PCR amplicons (Fig. 2A, 216 

Table 1). All primer sets could sharply discriminate reference strains and clinical isolates as 217 

evidenced by a single band on an agarose gel (Fig. 2B and Fig. S3). A sensitivity test showed 218 

the limit of detection was 100 pg DNA (Fig. S4). All other laboratory and clinical isolates of 219 
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NTM and M. tuberculosis tested were negative in this PCR assay (Fig. S5). We subsequently 220 

examined the primer set accuracy using the 148 MABC isolates, and confirmed that 91/92 M. 221 

abscessus (98.9%), 52/52 M. massiliense (100%), and 4/4 M. bolletii (100%) isolates were in 222 

agreement with the WGS-based subspecies identification, and the overall agreement rate 223 

between the PCR assay and WGS-based subspecies identification was 99.3% (95% CI: 96.3% 224 

to 100%). Results of our previous MLST(31) showed several sequence variants in the isolates, 225 

but the PCR assay could still differentiate between strains (Fig. 2B, Fig. S3). Notably, 226 

discordant sequencing type 4 (MabLRC28 and MabLRC86) and ds type 5 (MabLRC28) were 227 

distinguished as M. abscessus and M. massiliense, respectively, in accordance with 228 

WGS-based subspecies identification (Fig. 2). Although our previous multiplex PCR 229 

assay(31) could not distinguish all M. bolletii from others (Table S1), the present PCR assay 230 

could distinguish them. Moreover, the agreement rate with WGS-based subspecies 231 

identification was significantly higher (P < 0.01, two-proportion Z test) than that of the 232 

previous multiplex PCR assay (92.6%, 95% CI: 87.1% to 96.2%). 233 

Multiplex PCR assay for discriminating the erm(41) T28C sequevar of MABC 234 

 MABC have an Erm(41)-mediated inducible mechanism for resistance to macrolide 235 

antibiotics. Earlier studies demonstrated that a T-to-C substitution at position 28 in the erm 236 

gene results in macrolide antibiotic susceptibility(20, 37). Thus, discriminating isolates that 237 

carry the erm(41) T28C sequevar could guide antibiotic selection. To identify genetic markers 238 
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associated with the erm(41) T28C sequevar, we investigated the erm(41) genotype of the 148 239 

MABC isolates and their phylogenetic relationship (Fig. 3). Of the 92 M. abscesssus, 17 240 

(18.5%) had the erm(41) T28C mutation and all but MabLRC70 were susceptible to 241 

clarithromycin (CAM) (Table S1). Notably, our phylogenetic analysis showed that these 242 

clinical isolates were tightly clustered (Fig. 3). Scoary analysis of lineage-associated genes 243 

indicated that 68 genes were significantly associated with the lineage to which all M. 244 

abscessus with the erm(41) T28C sequevar belonged (Bonferroni corrected P-value < 1E-8, 245 

sensitivity >80% and specificity > 80%, Table S4). In a whole-genome alignment, 11/68 246 

lineage-associated genes having the highest sensitivity and specificity were on a 247 

lineage-specific genetic locus (Fig. 4A). To determine whether these findings applied to other 248 

sample sets, we used public WGS data for MABC clinical isolates from two European 249 

countries(38, 39). A phylogenetic analysis based on the core-gene alignment indicated that the 250 

M. abscessus erm(41) T28C sequevar was also clustered and had the abovementioned genetic 251 

locus (Fig. S6). Among primer sets designed to amplify part of the genetic locus (Table 2, Fig. 252 

4A), one set detected only the M. abscessus erm(41) T28C sequevar with a single band (Fig. 253 

4B). Among the 148 MABC isolates, all 17 M. abscessus erm(41) T28C sequevars were 254 

positive in the PCR assay, whereas all other clinical isolates examined, except for MabMT19 255 

and MabLRC77, were negative (Table S1). The agreement between the multiplex PCR assay 256 
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results with WGS-based discrimination of the erm(41) T28C sequevar was 98.6% (95% CI: 257 

95.2% to 99.8%). 258 

DNA chromatography to discriminate subspecies and macrolide susceptibility of MABC 259 

 Based on the results for the two PCR-based assays to discriminate MABC subspecies 260 

and the erm(41) T28C sequevar, we developed a simple DNA chromatography-based assay to 261 

discriminate MABC subspecies, intact erm(41), and the erm(41) T28C sequevar. We could 262 

discriminate subspecies and macrolide resistance in a single assay that in a sensitivity test had 263 

a detection limit of 10 pg DNA (Fig. 5), which was more sensitive than that of the multiplex 264 

PCR assay (Fig. S4, S7). All other laboratory and clinical isolates of NTM as well as M. 265 

leprae and M. tuberculosis that were tested were negative in the assay (Fig. S8 and data not 266 

shown). Using the 148 MABC isolates, we also examined the agreement between the DNA 267 

chromatography assay and WGS-based discrimination. All M. abscessus (n=92), M. 268 

massiliense (n=52), and M. bolletii (n=4) isolates were positive with T4, T5, and T3 bands 269 

respectively, while all other isolates identified as the remaining two subspecies were negative 270 

for these bands (Table 4, Table S1). All M. abscessus carrying the erm(41) T28C sequevar 271 

were positive, whereas other strains carrying wild-type T28 were negative for the T1 band, 272 

except for MabMT19 and MabLRC77 clinical isolates. All M. abscessus (n=92) and M. 273 

bolletii (n=4) strains carrying a intact erm(41) gene were positive for the T2 band but all M. 274 

massiliense (n=53) carrying a truncated erm(41) gene were negative, which is consistent with 275 
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WGS-based analyses (Table 4, Fig. 3). Overall agreement between the DNA chromatography 276 

results with WGS-based discrimination was 99.7% (95% CI: 99.0% to 100%). We also used 277 

the DNA chromatography method to analyze another sample set comprising 103 MABC 278 

clinical isolates from Taiwan for validation (Table S2). Using this method, within only a few 279 

hours we could determine that 49, 2, and 50 clinical isolates were M. abscessus, M. bolletii 280 

and M. massiliense, respectively; subspecies of TJMA-002 and TJMA-104 (1.9%) were not 281 

determined because these isolates showed multiple bands in subspecies identification (Table 282 

S2). Of 47 clinical isolates showing the T4 band, 12 also showed the T1 and T2 band, which 283 

corresponded to the M. abscessus erm(41) T28C sequevar, while 37 isolates showed only the 284 

T2 band corresponding to M. abscessus with an intact erm(41) gene. Two clinical isolates 285 

showing the T3 band also showed the T2 band, indicating that all M. bolletii had an intact 286 

erm(41) gene. Of 50 isolates showing the T5 band, 47 did not show the T2 band, indicating an 287 

erm(41) gene truncation. However, the remaining three isolates (TJMA-024, TJMA-041, 288 

TJMA-046) unexpectedly showed the T2 band. Using PCR amplification, TJMA-024 and 289 

TJMA-041 isolates had intact erm(41), whereas TJMA-046 had both an intact and truncated 290 

erm(41) gene (data not shown). These results suggested that TJMA-024 and TJMA-041 were 291 

M. massiliense with an intact erm(41) gene and TJMA-041 was probably a mixed isolate of M. 292 

abscessus or M. bolletii having an intact erm(41) gene and M. massiliense with a truncated 293 

erm(41) gene. 294 
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 295 

Discussion 296 

MABC is the most frequent clinical isolate of rapidly growing mycobacteria and an 297 

increased emergence has recently been observed in Japan and other developed 298 

countries(40–42). Commercially available DNA-DNA hybridization kits or MALDI-TOF MS 299 

are available in clinical laboratories in Japan and Taiwan to identify mycobacterium 300 

isolates(43, 44), but they cannot discriminate between either subspecies or the 301 

macrolide-susceptible erm(41) truncation and T28C polymorphism(45). Since macrolide 302 

susceptibility is crucial for effective treatment of MABC infection, here we developed a novel 303 

multiplex PCR and DNA chromatography method to identify subspecies and macrolide 304 

susceptibility. This assay allows rapid and accurate identification of inducible-macrolide 305 

resistance without need for sequencing of the erm(41) gene and/or 14-day drug susceptibility 306 

testing as recommended in the recent ATS/ERS/ESCMID/IDSA Clinical Practice 307 

Guideline(23). Our methodology is based on two findings about MABC genome architecture: 308 

(i) indel regions are robustly conserved at the subspecies level, and (ii) the 309 

macrolide-susceptible M. abscessus T28C sequevar is phylogenetically clustered and shares 310 

specific genetic loci. We thus used subspecies-associated and erm(41) T28C 311 

sequevar-associated genomic sequences as genetic markers to predict macrolide susceptibility. 312 

By combining detection of these genetic markers with simple DNA chromatography without 313 

DNA degeneration processes, our assay could discriminate both subspecies and their 314 
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macrolide susceptibility more quickly and easily than previously described MLST or WGS 315 

methods(43). 316 

DNA chromatography produces clear visual results using only a thermocycler rather 317 

than more expensive and complex genome sequencers or MALDI-TOF MS instruments. The 318 

one hour turnaround time between DNA extraction to availability of results would 319 

substantially reduce the need for MLST or WGS to differentiate MABC subspecies and 320 

inducible macrolide susceptibility. Compared with the commercially available GenoType 321 

NTM-DR kit (Hain Lifesciences GmbH, Bruker Corporation, Nehren, Germany), the present 322 

DNA chromatography method is simpler (DNA chromatography vs. Southern blotting) and 323 

faster (1 hour vs. >4 hours). Furthermore, the accuracy of subspecies identification is higher 324 

(98%-100% vs. 92%-100%), and the ability to discriminate the erm(41) T28C sequevar is 325 

comparable(46–48), although the GenoType NTM-DR kit can detect additional acquired 326 

macrolide resistance and amikacin resistance. 327 

Our DNA chromatography method had an analytical limit of detection of 10 pg DNA, 328 

which is substantially more sensitive than the GenoType NTM-DR kit (2 ng)(48). This 329 

amount of DNA theoretically corresponds to approximately 2.2 x 103 MABC cells (DNA 330 

content/cell = genome size(bp)/0.978×109 
≈ 5.11×10-3)(49). There was no cross-reactivity 331 

with M. leprae, M. tuberculosis, MAC, or other representative NTM. These observations 332 

suggest that the DNA chromatography assay can identify MABC isolates directly from liquid 333 
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MGIT or solid Löwenstein-Jensen (LJ) or Ogawa cultures at early time points after 334 

decontamination of non-mycobacterial organisms. However, we have not yet tested this DNA 335 

chromatography method with highly contaminated nucleotide samples extracted directly from 336 

sputum or skin specimens. Future improvements to further increase the speed of this method 337 

will focus on direct detection from tissue specimens without culturing. 338 

In the present work, we sought to detect associations between indel regions and the 339 

subspecies, and between genetic loci and the erm(41) T28C mutation. Our method 340 

successfully discriminated the subspecies and inducible macrolide susceptibility of almost all 341 

of the clinical isolates, but the few exceptions represent a limitation of the method that should 342 

be considered. MabMT37 yielded a 1,200 bp and 450 bp product for locus MAB_2613 and 343 

MAB_1655 (similar to M. bolletii strains) and a 330 bp product for MAB_4665 (similar to M. 344 

abscessus strains). However, WGS-based phylogenetic and ANI analyses unambiguously 345 

categorized MabMT37 as M. abscessus (Table S1). We mapped raw sequence reads of 346 

MabMT37 to the M. abscessus ATCC 19977 genome and confirmed that there was no 347 

heterogeneity among the MAB2613, MAB_1655, and MAB_4665 loci (data not shown), 348 

suggesting that MabMT37 was likely a mono-clonal isolate. This result also suggested that, 349 

with respect to these genetic markers, MabMT37 had a chimeric genome structure between M. 350 

abscessus and M. bolletii. MabMT19 showed inducible clarithromycin resistance and had no 351 

mutation at erm(41) position 28, but it did cluster with other erm(41) T28C mutants and was 352 
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positive for the primer set MAB18036_2558F and MAB18036_2558R (Table S1), suggesting 353 

that MabMT19 had a chimeric genome between M. abscessus clades. These observations are 354 

supported by a previous genomic study describing an asymmetrical gene flow between 355 

MABC subspecies that resulted in a highly mosaic genome architecture(50). Since our assays 356 

do not directly analyze housekeeping genes or the erm(41) gene itself, our approach could be 357 

affected by genome architecture mosaicism arising via horizontal gene transfer. To address 358 

this limitation, accumulation of genomic information for MABC clinical isolates from across 359 

the world and successive adjustments of target genomic sequences will be important. 360 

In conclusion, we developed a rapid, easy-to-use, and accurate assay to identify 361 

subspecies and macrolide susceptibility of MABC by analyzing WGS data of clinical isolates. 362 

This assay could be introduced into clinical laboratory practice to facilitate selection of 363 

effective treatments, development of assays having improved discrimination and diagnostic 364 

capacity, and acquisition of precise, nation-wide epidemiological information for MABC. 365 

Although the incidence of the macrolide-susceptible erm(41) T28C mutation is unknown, a 366 

population of M. abscessus in our Japanese sample set (18.5%) carried this mutation. 367 

Phylogenetic relationships between these mutants and global circulating clones of M. 368 

abscessus(30) should be addressed in future studies. Additional international corroboration 369 

studies based on epidemiological and population genomic approaches will be required to 370 

address these fundamental research questions. 371 
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Figure legends.  393 

Figure 1 394 

Maximum likelihood core-gene phylogeny of 148 clinical and environmental isolates of 395 

MABC. Core genome alignment of 148 isolates and three reference strains (M. abscessus 396 

ATCC19977, M. massiliense JCM 15300, and M. bolletii BD) of MABC was generated by 397 

Roary(51). An alignment containing 62,196 variable positions was used with RAxML to 398 

construct a maximum likelihood tree(52) having 300 bootstrap replicates. Bootstrap values > 399 

90% for the major nodes are shown. Scale bar indicates the mean number of nucleotide 400 

substitutions per site (SNP/site) on the respective branch. Samples are highlighted based on 401 

inclusion in three major clusters corresponding to MABC subspecies. 402 

Figure 2 403 

A. Example of indels among MABC subspecies. A progressiveMauve alignment of the 404 

three reference strains of MABC is shown. Each genome is laid out in a horizontal track and 405 

white boxes indicate coding sequences annotated by dfast_core(53). A colored similarity plot 406 

is shown for each genome; the height is proportional to the sequence identity in that region. F 407 

and R indicate primer position of MAB2613F and MAB2613R (listed in Table 1), 408 

respectively, in each reference strain genome. B. Representative multiplex PCR results for 409 

reference strains and clinical isolates amplified with primer pair MAB2613F and 410 

MAB2613R and primer pair MAB_1655F and MAB_1655R. Types 1, 1a, 1b, 2, 2a, 2b, 2c, 411 
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2d, 3, 3a, 3b, 3c, ds4 and ds5 are the sub-groupings (sequevars) of the clinical isolates based 412 

on their sequences [Table 3 of the previous article(31)]. Numerals below the sequevars 413 

correspond to reference strains (abT, maT, or boT) or the strain numbers of clinical isolates 414 

described in the previous article(31). Colored circles correspond to each member of MABC 415 

determined by WGS-based analysis. Lanes: M, DNA marker (100 bp ladder); abT, M. 416 

abscessus (ATCC19977); ma, M. massiliense (JCM15300); bo, M. bolletii (BD). The PCR 417 

reaction products were electrophoresed on 2% agarose gels. 418 

Figure 3 419 

Macrolide susceptibility-associated genotypes of 148 MABC isolates. Maximum 420 

likelihood core-gene phylogeny of A) M. abscessus, B) M. massisliense, C) M. bolletii 421 

correspond to those depicted in Figure 1. The presence (black) and absence (gray) of 422 

macrolide resistance-associated mutations is indicated. The presence of a T-to-C substitution 423 

in position 28 or a truncation of the erm(41) gene, which are both associated with inducible 424 

resistance to macrolides, was detected. Substitutions or truncations with asterisks indicate 425 

non-synonymous mutations. The lineage to which all M. abscessus erm(41) T28C mutants 426 

belong is highlighted in magenta. The maximum likelihood trees, bootstrap values and scale 427 

bars correspond to those depicted Figure 1. 428 

Figure 4 429 
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A. Visualization of lineage-specific genomic loci. A progressiveMauve alignment of three 430 

clinical isolates carrying the erm(41) T28C mutation and the reference strains is shown. 431 

Boxes indicate coding sequences annotated by dfast_core(53). Red and blue boxes indicate 432 

genes that are significantly associated with the lineage to which all M. abscessus erm(41) 433 

T28C mutants belong (see Methods and Table S3). F1, R1, F2, R2, F3, and R3 indicate 434 

primer position of MAB18036_2551F, MAB18036_2551R, MAB18036_2558F, 435 

MAB18036_2558R, MAB18036_2560F, and MAB18036_2560R (listed in Table 2), 436 

respectively, in each genome of the presented clinical isolates. A similarity plot for each 437 

genome is colored as described for Figure 2A. B. Representative multiplex PCR results to 438 

identify macrolide susceptibility in MABC. PCR was performed for the reference strains 439 

and clinical isolates were amplified with primer pairs MAB18036_2558F and 440 

MAB18036_2558R (listed in Table 2) and primer pair ermF (gaccggggccttcttcgtgatc) and 441 

ermR (agcttccccgcaccgattcca)(54). Colored circles correspond to each member of MABC 442 

determined by WGS-based analyses: red, M. abscessus; blue, M. massiliense; green, M. 443 

bolletii. The presence (+) or absence (-) of genotypes associated with the inducible macrolide 444 

resistance are shown. Lanes: M, DNA marker (100 bp ladder); abT, M. abscessus 445 

(ATCC19977); maT, M. massiliense (JCM15300); boT, M. bolletii (BD). The PCR reaction 446 

products were electrophoresed on 2% agarose gels. 447 

Figure 5  448 
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DNA chromatography to differentiate subspecies and macrolide susceptibility of MABC. 449 

DNA chromatography results for reference strains (abT, maT, or boT) or representative clinical 450 

isolates are shown. Colored circles above the strain names correspond to each member of 451 

MABC determined by WGS-based analyses: red, M. abscessus; blue, M. massiliense; green, 452 

M. bolletii, respectively. The presence (+) or absence (-) of genotypes associated with 453 

inducible macrolide resistance are shown. Bands: C, inner (negative) control; T1, erm(41) 454 

T28C polymorphism; T2, intact erm(41) genes; T3, M. bolletii; T4, M. abscessus; T5, M. 455 

massiliense. 456 

  457 
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Table 1. Primers for discrimination of MABC subspecies. 458 

 459 

Set Primer name Sequence (5’-3’) 

Expected product size (bp) 
Note 

 
M. abscessus M. massiliense M. bolletii 

1 

MAB2613F gttcggatcgcatggcgttgtgctg 

503 422 1204 

ATCC 19977 

(2653095 to 2653597), 

C-term of MAB_2613 

to downstream of 

MAB_2613 

MAB2613R gggatgctgtgatcgaggtcggc 

2 

MAB_1655F gagggcacgggagagaccaccggag 

652 291 452 

ATCC 19977 

(1685112 to 1685763), 

C-term of MAB_1655 

to downstream of 

MAB_1655 

MAB_1655R ccatttcYctatcYcgcccg 

3 

MAB_4665F gatcccgttactagcgctgctttac 

332 538 666 

ATCC 19977 

(4747125 to 4747435), 

intergenic region, 

downstream of 

MAB_4665c 

MAB_4665R tcccgttcgactggcgcccgga 
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Table 2. Primers for discrimination of the erm(41) T28C sequevar. 460 

 461 

Set Primer name Sequence (5'-3') 
Expected product size 

of M. abscessus 
Note 

1 

MAB18036_2551F ccgaatcggaatacgggccggggtaca 

601 

Mab18036 (contig11: 13301 to 13902), 

C-term of Mab18036_2551 to N-term of

Mab18036_2553 MAB18036_2551R cgcctcgatactcacgccgcgccttca 

2 

MAB18036_2558F caagaaccacatggataaacccgactg 

730 

Mab_18036 (contig11: 16597 to 17327), 

Upstream of Mab18036_2558 to 

Mab18036_2559 MAB18036_2558R catcggtcgggatcacttcagcggcag 

3 

MAB18036_2560F caggagcatcgtgcagatccgctgtcg 

820 

Mab18036 (contig11: 18219 to 19039), 

middle of Mab18036_2560 to downstream 

of Mab18036_2561 MAB18036_2560R accctgtttgccagcgagcctaacact 
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Table 3. DNA chromatography primers. 462 

Set Primer name Sequence (5'-3') Target 

T1 
C28-1f tcctcggaatcggcactgtccgttg erm(41) T28C 

polymorphism C28-1r tacagcagctcaacagtgacaccgaag 

T2 
erm-4f cgtcgccgaatccggtgttcgc 

intact erm(41) 
erm-4r ctcggcaaaccgtgaacgaaggtgtc 

T3 
MBO-22f cggtacgtcttacacgtcacgattgt 

M. bolletii 
MBO-22r acgaggtggataccgcgatcatt 

T4 
MAB-25f atgttggaccgcaaggggttcgacac 

M. abscessus 
MAB-23r gtcaatacgatgaagccgacctcgg 

T5 
MMA-20f tgctcgagagggaatgtcatccaccac 

M. massiliense 
MMA-20r atatcacatcagccaaagccgcaag 

 463 

Table 4. Accuracy of DNA chromatography test using MABC isolates from Japan (n = 464 

148). 465 

 
erm(41) C28 erm(41) T28 

Agreement rate 

with WGS-based 

identification 

T1 positive 17 2 0.986 (95% CI: 

0.952 to 0.998) T1 negative 0 129 

 
erm(41) intact erm(41) truncated 

Agreement rate 

with WGS-based 

identification 

T2 positive 96 0 1.000 (95% CI: 

0.975 to 1.000) T2 negative 0 52 

 
M. bolletii not M. bolletii 

Agreement rate 

with WGS-based 

identification 

T3 positive 4 0 1.000 (95% CI: 

0.975 to 1.000) T3 negative 0 144 

 
M. abscessus not M. abscessus 

Agreement rate 

with WGS-based 

identification 
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T4 positive 92 0 1.000 (95% CI: 

0.975 to 1.000) T4 negative 0 56 

 
M. massiliense not M. massiliense 

Agreement rate 

with WGS-based 

identification 

T5 positive 52 0 1.000 (95% CI: 

0.975 to 1.000) T5 negative 0 96 

 466 

467 
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Figure 3. 672 
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Figure 4. 675 
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Figure 5 679 
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Supplemental Methods 709 

DNA sequencing and genomic analysis 710 

 Genomic DNA was extracted from each isolate with a NucleoSpin Plant II kit 711 

(MACHEREY-NAGEL, Düren, Germany) in accordance with the manufacturer’s instructions, 712 

and was used for Nextera XT library construction and genome sequencing with Illumina 713 

NovaSeq or MiniSeq. All raw read data for the newly sequenced strains (148 strains isolated 714 

in Japan) in this study were deposited in the DNA Data Bank of Japan (DDBJ) and mirrored 715 

at the National Center for Biotechnology Information (NCBI) under BioProject accession 716 

number PRJDB10333. 717 

The Illumina read data for each isolate were de novo assembled into contigs using a 718 

Shovill pipeline with default settings (https://github.com/tseemann/shovill). Table S3 lists the 719 

number of contigs, raw coverage and N50 value of each isolate. We combined the data with 720 

the complete genome sequence of M. abscessus ATCC19977(1), M. massiliense JCM 721 

15300(2), and M. bolletii BD(3). Phylogenetic analysis using a core gene set from the MABC 722 

isolates from Japan was next performed. We annotated each genome using DFAST-core ver. 723 

1.0.3 with the default setting(4) and the resulting gene annotations (GFF3 format) were used 724 

with Roary software and the "-cd 100" option(5) to compute core-gene alignments for the 725 

isolates. Using the 2,827,548 bp-long core-gene alignment carrying 62,196 SNP positions, we 726 

estimated a maximum-likelihood tree using RAxML ver. 8.2.12(6). We used the following 727 
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parameters that indicate the GTR + G4 model of DNA substitution with estimation of the 728 

shape parameter of the gamma distribution by maximizing the likelihood: -f a -m 729 

GTRGAMMA. Average nucleotide identity (ANI) values among all MABC isolates were 730 

calculated using fastANI with default settings(7). To identify single nucleotide 731 

polymorphisms (SNPs) in MABC isolates, we used MUMmer to conduct pairwise genome 732 

alignment between M. abscessus ATCC 19977 and one of the 150 strains including M. 733 

bolletii BD and M. massiliense JCM 15300(8). We then used an in-house Perl script to 734 

combine the alignments in a multiple whole-genome alignment, in which each position 735 

corresponded to that of the ATCC 19977 genome. The multiple whole-genome alignments 736 

were used for extracting and investigating the erm(41) genotype (MAB_2297, nucleotide 737 

position: 2345955 to 2346476 in ATCC 19977T) of all strains using SeqKit(9). 738 

Construction of primers for discriminating MABC subspecies and the erm(41) T28C 739 

sequevar. 740 

To construct primer sets for discriminating MABC, we first aligned the complete 741 

genome sequences of M. massiliense JCM15300 and M. bolletii BD to the M. abscessus 742 

ATCC19977 reference genome and draft genomes of representative 14 clinical isolates using 743 

progressiveMauve and then visually identified unique insertion/deletion (indel) regions in 744 

each of the three subspecies. Three primer sets were designed around the indel regions to 745 

allow differentiation of the subspecies based on PCR amplicon size (Table 1). To construct 746 
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primer sets to determine the sub-clades of the M. abscessus erm(41) T28C sequevar, we 747 

identified accessory genes that were significantly associated with the lineage using 748 

Scoary(10). Primer sets were designed around the accessory genes used as genetic markers of 749 

the lineage (Table 2). 750 

Statistical analysis 751 

Statistical analyses were performed with R software (www.r-project.org). The R 752 

function binom.test() was used to assess 95% confidence intervals (95% CIs) of agreement 753 

rates between the multiplex PCR/DNA chromatography and WGS-based identification. 754 

Differences in accuracy between the multiplex PCR developed in this study and our previous 755 

multiplex PCR were statistically assessed using the R function prop.test(). 756 

Ethics Statement 757 

This study was reviewed and approved by the medical research ethics committee of the 758 

National Institute of Infectious Diseases for inclusion of human subjects (#1004 and #1005 for 759 

the Japanese and Taiwanese, respectively). 760 

761 
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Supplemental Figure Legends. 762 

Figure S1 763 

Maximum-likelihood trees constructed from concatenated sequences. A. Concatenated 764 

sequences of rpoB (409-bp), hsp65 (409-bp), and ITS (298-bp) fragments to differentiate 765 

subspecies of MABC as previously described (11). Samples having results that differed from 766 

those for WGS-based analyses are highlighted. B. Concatenated sequences of 7 housekeeping 767 

genes [argH (480 bp), cya (510 bp), glpK (534 bp), gnd (480 bp), murC (537 bp), pgm (495 768 

bp), pta (486 bp), and purH (549 bp)] to differentiate subspecies of MABC as described 769 

previously(12). Sequences were extracted from the whole-genome alignment of each isolate 770 

to the reference strain M. abscessus ATCC 19977 (see Supplemental Methods). The trees for 771 

all isolates (n=148) and three reference strains (M. abscessus ATCC 19977, M. massiliense 772 

JCM 15300, and M. bolletii BD) were computed using MEGA ver. 10.1.7 with 500 bootstrap 773 

replicates. The bootstrap support values (%) are indicated for each node. Colored circles 774 

correspond to each member of MABC determined by WGS-based analyses (Fig. 1 and Fig. 775 

S2): red, M. abscessus; blue, M. massiliense; green, M. bolletii, respectively. 776 

Figure S2 777 

Average nucleotide identity matrix of MABC isolates. Average nucleotide identities 778 

among 148 isolates and three reference strains (M. abscessus ATCC 19977, M. massiliense 779 

JCM 15300, and M. bolletii BD) were measured for all strain pairs using fast ANI(7). Red and 780 

blue boxes indicate ANI values higher or lower than 98% for corresponding strain pairs. A 781 
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boxplot indicates the distribution of ANI values within or between subspecies of MABC. The 782 

maximum likelihood tree corresponds to that depicted in Fig. 1. 783 

Figure S3 784 

Representative single PCR to differentiate MABC subspecies. PCR was performed with 785 

primer pair A. MAB2613F and MAB2613R, B. MAB_1655F and MAB_1655R, and C. 786 

MAB_4665F and MAB_4665R. Types 1, 1a, 1b, 2, 2a, 2b, 2c, 2d, 3, 3a, 3b, 3c, 4 and 5 are 787 

the sub-groupings (sequevars) of the clinical isolates based on their sequences [Table 3 of the 788 

previous article]. Numbers below the sequevars correspond to reference strains (abT, maT, or 789 

boT) or strain numbers of clinical isolates described in the previous article(11). Lanes: M, 790 

DNA marker (100 bp ladder); abT, M. abscessus ATCC19977); maT, M. massiliense 791 

(JCM15300); boT, M. bolletii (JCM15297). Colored circles correspond to each member of 792 

MABC determined by WGS-based analysis (Fig. 1 and Fig. S2): red, M. abscessus; blue, M. 793 

massiliense; green, M. bolletii, respectively. The PCR reaction products were electrophoresed 794 

on 2% agarose gels. 795 

Figure S4 796 

Sensitivity test of PCR primers to differentiate MABC subspecies. The sensitivity of 797 

primers to differentiate MABC subspecies was tested using 10 μg undiluted or ten-fold 798 

diluted DNA from the three MABC reference strains. Primer set 1, primer pair MAB2613F 799 

and MAB2613R; Primer set 2, primer pair MAB_1655F and MAB_1655R. Lanes: M, DNA 800 
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marker (100 bp ladder); abT, M. abscessus ATCC19977); maT, M. massiliense (JCM15300); 801 

boT, M. bolletii (JCM15297). The PCR reaction products were electrophoresed on 2% agarose 802 

gels.  803 

Figure S5 804 

Specificity test of PCR primers to differentiate subspecies of MABC. The tests were 805 

performed with MAB2613F/MAB2613R (Primer set 1), MAB2613F/MAB2613R (Primer set 806 

2), and MAB_1655F/MAB_1655R (Primer set 3), with 4 ng of each indicated mycobacterial 807 

genomic DNA. The PCR reaction products were electrophoresed on 2% agarose gels. M, 808 

DNA marker (100 bp ladder). All isolates other than the M. abscessus complex were negative 809 

in this assay [Only those representative data for rapid-growing NTM (chT, M. chelonaeT; coT, 810 

M. conceptionenseT; foT; M. fortuitumT; hoT, M. houstonenseT; saT, M. salmoniphiliumT; seT, 811 

M. senegalenseT; smT, M. smegmatisT) are shown in this figure］. 812 

Figure S6 813 

Maximum likelihood core-gene phylogeny of MABC from Japan, UK and Italy. 814 

Core-genome alignment of 120 isolates and three reference strains (M. abscessus 815 

ATCC19977, M. massiliense JCM 15300, and M. bolletii BD) of MABC were computed 816 

using Roary(5). The alignment containing 2,508 genes and 45,226 variable positions was used 817 

to construct a maximum likelihood tree using RAxML(6) with 300 bootstrap replicates. 818 

Bootstrap values > 90% for the major nodes are shown. The scale bar represents the mean 819 
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number of nucleotide substitutions per site (SNP/site) on the respective branch. Samples are 820 

highlighted based on inclusion in three major clusters corresponding to subspecies of MABC. 821 

Colored boxes indicate countries where the corresponding strain was isolated: red, Japan; blue, 822 

UK; green, Italy; gray, reference strain. This tree is also annotated for the presence (black) 823 

and absence (light gray) of macrolide resistance-associated mutations. These mutations 824 

include the presence of a T-to-C substitution in position 28 or a truncation of the erm(41) 825 

gene that are associated with inducible resistance to macrolides; the presence of mutations at 826 

rrl position 2269 to 2271 confers acquired macrolide resistance. Substitutions or truncation 827 

with asterisks indicate non-synonymous mutations. The lineage to which all M. abscessus 828 

erm(41) T28C mutants belong is highlighted in magenta. (inset) Visualization of 829 

lineage-specific genomic loci. A progressiveMauve alignment of three clinical isolates 830 

carrying the erm(41) T28C mutation and the reference strains is shown. Red boxes indicate 831 

genomic regions specific to the lineage to which all M. abscessus erm(41) T28C mutants 832 

belong. 833 

Figure S7 834 

Sensitivity of the DNA chromatography method to differentiate subspecies and 835 

macrolide susceptibility resistance of MABC. A sensitivity test was performed with 1 ng 836 

undiluted or ten-fold diluted DNA from three reference strains and a clinical isolate carrying 837 

the erm(41) T28C polymorphism. Numbers correspond to type strains of MABC (abT, maT, or 838 
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boT) or the strain names of the clinical isolates (Mab18036). Bands: C, inner (negative) 839 

control; T1, erm(41) T28C polymorphism; T2, intact erm(41) genes; T3, M. bolletii; T4, M. 840 

abscessus; T5, M. massiliense. 841 

Figure S8 842 

Specificity of the DNA chromatography method to differentiate subspecies and 843 

macrolide susceptibility of MABC. Specificity tests were performed using 4 ng of each 844 

indicated mycobacterial genomic DNA. Several laboratory and clinical isolates were tested in 845 

this assay. All isolates other than the M. abscessus complex were negative in this assay [Only 846 

representative data for NTM (chT, M. chelonaeT; coT, M. conceptionenseT; foT, M. fortuitumT, 847 

goT, M. gordonaeT; kaT, M. kansasiiT; saT, M. salmoniphiliumT; seT, M. senegalenseT; smT, M. 848 

smegmatisT) and M. tuberculosis and M. avium clinical isolates are shown in this figure］. 849 

 850 
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Supplementary Tables 851 

Table S1 Bacterial strains and overall results of this study.  

Strain 
Isorate
d from 

WGS-
based 
subspe
cies 
identif
ication 

Previoous 
multiplex 
PCR 
(Nakanaga 
et al., 
2014) 

MAB2
613F-R 

MAB_1
655F-R 

MAB_4
665F-R 

MAB1803
6_2558F-R 

DNA 
chromat
ography 

erm(
41) 
pos 
28 
gen
otyp
e 

erm
(41) 
pos 
61-
62 
deli
tion 

erm(
41) 
trunc
ation 

CA
M 
MIC 
early 
(3-5 
days) 

CA
M 
MIC 
late 
(day 
14) Reference 

M. 
abscess
us T 

NAa ABSb 
ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Moore and 
Frerichs, 
1953 

M. 
massilie
nse T 

NA MASc 
MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes 0.5 
(S) 2 (S) Adékambi et 

al., 2006 

M. 
bolletii 
T 

NA BOLd 
ABS 
(150bp/90
0bp) 

1200bp 450bp 670bp negative T2/T3 T No No 0.5 
(S) 

>32 
(R) 

Adékambi et 
al., 2006 

Mab140
33-1 

Respir
atory ABS 

NDe 
(150bp/30
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 2 (S) This study 

Mab180
36 

Respir
atory ABS 

ND 
(150bp/30
0bp) 

500bp 650bp 330bp positive T1/T2/T
4 C No No ≦0.2

5 (S) 
≦0.2
5 (S) This study 

MabF6 Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes 8 (R) >32 
(R) This study 

MabJA
TA1 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

0.5 
(S) This study 

MabK1
4 

Respir
atory ABS ABS 

(150bp/90 500bp 650bp 330bp positive T1/T2/T
4 C No No ≦0.2

5 (S) 2 (S) This study 
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0bp) 

MabK1
6 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp positive T1/T2/T
4 C No No ≦0.2

5 (S) 2 (S) This study 

MabK3
0 

Respir
atory BOL 

ABS 
(150bp/90
0bp) 

1200bp 450bp 670bp negative T2/T3 T No No ≦0.2
5 (S) 

>32 
(R) This study 

MabK3
4 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp positive T1/T2/T
4 C No No ≦0.2

5 (S) 1 (S) This study 

MabLR
C1 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C10 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 0.5 
(S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C100 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 0.5 
(S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C101 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C102 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 2 (S) Nakanaga et 

al., 2014 

MabLR
C103 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) 

Nakanaga et 
al., 2014 

MabLR
C104 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 2 (S) Nakanaga et 

al., 2014 

MabLR
C105 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp positive T1/T2/T
4 C No No ≦0.2

5 (S) 1 (S) Nakanaga et 
al., 2014 
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MabLR
C106 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 32 
(R) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C107 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 8 (R) Nakanaga et 

al., 2014 

MabLR
C108 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 1 (S) Nakanaga et 

al., 2014 

MabLR
C109 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) 

Nakanaga et 
al., 2014 

MabLR
C11 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp positive T1/T2/T
4 C No No ≦0.2

5 (S) 1 (S) Nakanaga et 
al., 2014 

MabLR
C110 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 0.5 
(S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C112 Blood MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 2 (S) This study 

MabLR
C113 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) This study 

MabLR
C114 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 2 (S) This study 

MabLR
C115 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 2 (S) This study 

MabLR
C116 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 1 (S) >32 
(R) This study 

MabLR Respir ABS ABS 500bp 650bp 330bp negative T2/T4 T No No 0.5 >32 This study 
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C117 atory (150bp/90
0bp) 

(S) (R) 

MabLR
C118 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 0.5 
(S) 

>32 
(R) This study 

MabLR
C119 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 0.5 
(S) 

>32 
(R) This study 

MabLR
C12 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 0.5 
(S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C120 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) This study 

MabLR
C121 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 0.5 
(S) 

>32 
(R) This study 

MabLR
C122 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) This study 

MabLR
C123 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 1 (S) >32 
(R) This study 

MabLR
C124 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) This study 

MabLR
C125 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 0.5 
(S) 

>32 
(R) This study 

MabLR
C126 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp positive T1/T2/T
4 C No No ≦0.2

5 (S) 
0.5 
(S) This study 

MabLR
C127 

Respir
atory MAS MAS 

(650bo/30 420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) This study 
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0bp) 

MabLR
C128 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 0.5 
(S) 

>32 
(R) This study 

MabLR
C13 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

16 
(R) 

Nakanaga et 
al., 2014 

MabLR
C130 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) This study 

MabLR
C131 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 1 (S) This study 

MabLR
C132 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 2 (S) This study 

MabLR
C133 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

≦0.2
5 (S) This study 

MabLR
C134 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) This study 

MabLR
C135 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No >32f 
(R) 

>32 
(R) This study 

MabLR
C136 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) This study 

MabLR
C137 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 2 (S) This study 

MabLR
C138 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 2 (S) This study 
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MabLR
C139 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 32 
(R) 

>32 
(R) This study 

MabLR
C14 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 4 (I) >32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C140 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 2 (S) >32 
(R) This study 

MabLR
C142 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 0.5 
(S) 

>32 
(R) This study 

MabLR
C143 

Respir
atory MAS 

ND 
(650bp/90
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) This study 

MabLR
C144 

Respir
atory MAS 

ND 
(650bp/90
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) This study 

MabLR
C145 

Respir
atory ABS 

ND 
(150bp/30
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 1 (S) >32 
(R) This study 

MabLR
C146 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp positive T1/T2/T
4 C No No ≦0.2

5 (S) 
0.5 
(S) This study 

MabLR
C148 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 2 (S) >32 
(R) This study 

MabLR
C149 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) This study 

MabLR
C152 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 16 
(R) 

>32 
(R) This study 

MabLR Respir ABS ABS 500bp 650bp 330bp negative T2/T4 T No No 4 (I) >32 This study 
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C153 atory (150bp/90
0bp) 

(R) 

MabLR
C2 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 1 (S) Nakanaga et 

al., 2014 

MabLR
C26 

Respir
atory ABS 

ND 
(150bp/30
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C27 

Respir
atory BOL 

ABS 
(150bp/90
0bp) 

1200bp 450bp 670bp negative T2/T3 T No No >32 
(R) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C28 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 1 (S) Nakanaga et 

al., 2014 

MabLR
C3 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 0.5 
(S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C30 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C31 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

≦0.2
5 (S) 

Nakanaga et 
al., 2014 

MabLR
C32 

Respir
atory BOL 

ABS 
(150bp/90
0bp) 

1200bp 450bp 670bp negative T2/T3 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C33 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) 

Nakanaga et 
al., 2014 

MabLR
C34 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) 

Nakanaga et 
al., 2014 

MabLR
C35 

Respir
atory ABS ABS 

(150bp/90 500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 
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0bp) 

MabLR
C36 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C37 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C38 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C39 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C40 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C41 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C42 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No >32 
(R) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C43 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C44 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C46 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C47 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 1 (S) >32 
(R) 

Nakanaga et 
al., 2014 
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MabLR
C48 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C5 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) 

Nakanaga et 
al., 2014 

MabLR
C50 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5f (S) 

≦0.2
5 (S) 

Nakanaga et 
al., 2014 

MabLR
C51 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp positive T1/T2/T
4 C No No ≦0.2

5 (S) 2 (S) Nakanaga et 
al., 2014 

MabLR
C52 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 0.5 
(S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C53 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C54 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) 

Nakanaga et 
al., 2014 

MabLR
C55 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5f (S) 

≦0.2
5 (S) 

Nakanaga et 
al., 2014 

MabLR
C56 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5f (S) 4 (I) Nakanaga et 

al., 2014 

MabLR
C57 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

≦0.2
5 (S) 

Nakanaga et 
al., 2014 

MabLR
C58 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR Respir MAS MAS 420bp 290bp 540bp negative T5 T Yes Yes ≦0.2 0.5 Nakanaga et 
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C6 atory (650bo/30
0bp) 

5 (S) (S) al., 2014 

MabLR
C60 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C62 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C63 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

≦0.2
5 (S) 

Nakanaga et 
al., 2014 

MabLR
C64 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp positive T1/T2/T
4 C No No ≦0.2

5f (S) 
≦0.2
5 (S) 

Nakanaga et 
al., 2014 

MabLR
C65 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 4 (I) Nakanaga et 

al., 2014 

MabLR
C66 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C67 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) 

Nakanaga et 
al., 2014 

MabLR
C68 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) 

Nakanaga et 
al., 2014 

MabLR
C69 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C7 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C70 

Respir
atory ABS ABS 

(150bp/90 500bp 650bp 330bp positive T1/T2/T
4 C No No ≦0.2

5 (S) 
>32 
(R) 

Nakanaga et 
al., 2014 
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0bp) 

MabLR
C71 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C72 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C73 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 2 (S) Nakanaga et 

al., 2014 

MabLR
C74 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5f (S) 

≦0.2
5 (S) 

Nakanaga et 
al., 2014 

MabLR
C75 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp positive T1/T2/T
4 C No No ≦0.2

5f (S) 
≦0.2
5 (S) 

Nakanaga et 
al., 2014 

MabLR
C76 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C77 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp positive T1/T5 T Yes Yes >32f 
(R) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C78 

Respir
atory BOL 

ND 
(150bp/30
0bp) 

1200bp 450bp 670bp negative T2/T3 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C79 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C8 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

≦0.2
5 (S) 

Nakanaga et 
al., 2014 

MabLR
C80 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 
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MabLR
C82 

Skin 
lesion MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) 

Nakanaga et 
al., 2014 

MabLR
C83 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No >32 
(R) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C86 

Respir
atory ABS 

ND 
(150bp/30
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5f (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C87 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No >32 
(R) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C88 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) 

Nakanaga et 
al., 2014 

MabLR
C89 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

16 
(R) 

Nakanaga et 
al., 2014 

MabLR
C9 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 0.5 
(S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C90 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

16 
(R) 

Nakanaga et 
al., 2014 

MabLR
C91 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

≦0.2
5 (S) 

Nakanaga et 
al., 2014 

MabLR
C92 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 8f 
(R) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C93 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

16 
(R) 

Nakanaga et 
al., 2014 

MabLR Respir MAS MAS 420bp 290bp 540bp negative T5 T Yes Yes ≦0.2 ≦0.2 Nakanaga et 
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C94 atory (650bo/30
0bp) 

5 (S) 5 (S) al., 2014 

MabLR
C95 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C96 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
C98 

Respir
atory MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

≦0.2
5 (S) 

Nakanaga et 
al., 2014 

MabLR
C99 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No ≦0.2
5 (S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
CA1 

Skin 
lesion MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 1 (S) Nakanaga et 

al., 2014 

MabLR
CA10 

Skin 
lesion MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 2 (S) Nakanaga et 

al., 2014 

MabLR
CA11 

Skin 
lesion MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

≦0.2
5 (S) 

Nakanaga et 
al., 2014 

MabLR
CA12 

Skin 
lesion ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp negative T2/T4 T No No 0.5 
(S) 

>32 
(R) 

Nakanaga et 
al., 2014 

MabLR
CA13 

Skin 
lesion MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) 

Nakanaga et 
al., 2014 

MabLR
CA14 

Skin 
lesion MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 2 (S) Nakanaga et 

al., 2014 

MabLR
CA2 

Skin 
lesion MAS MAS 

(650bo/30 420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

0.5 
(S) 

Nakanaga et 
al., 2014 
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0bp) 

MabLR
CB1 

Enviro
nment MAS 

MAS 
(650bo/30
0bp) 

420bp 290bp 540bp negative T5 T Yes Yes ≦0.2
5 (S) 

≦0.2
5 (S) 

Nakanaga et 
al., 2014 

MabMT
10 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp positive T1/T2/T
4 C No No ≦0.2

5 (S) 2 (S) This study 

MabMT
11 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp positive T1/T2/T
4 C No No ≦0.2

5 (S) 2 (S) This study 

MabMT
19 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp positive T1/T2/T
4 T No No ≦0.2

5 (S) 
>32 
(R) This study 

MabMT
37 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

1200bp 450bp 330bp positive T1/T2/T
4 C No No ≦0.2

5 (S) 2 (S) This study 

MabNG Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp positive T1/T2/T
4 C No No ≦0.2

5 (S) 1 (S) This study 

MabYN
KW 

Respir
atory ABS 

ABS 
(150bp/90
0bp) 

500bp 650bp 330bp positive T1/T2/T
4 C No No ≦0.2

5 (S) 2 (S) This study 

aNot Applicable, bM. abscessus, cM. massiliense, dM. bolletii, eNot determined,  fmeasured at day 7 because of very slow growth. R, resistant; I, 
intermediate; S, susceptible 
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Table S2 Subspecies and macrolide susceptibility identification of 103 clinical 

isolates from Taiwan using the DNA chromatography. 

Strain 

DNA 

chromatography 

Expected 

subspecies 

Expected 

erm(41) pos 

28 genotype 

Expected 

erm(41) 

trucation 

TJMA_001 T1/T2/T4 ABSa C No 

TJMA_002 T2/T4/T5 NDd T No 

TJMA_004 T2/T4 ABS T No 

TJMA_005 T1/T2/T4 ABS C No 

TJMA_008 T5 MAS T Yes 

TJMA_009 T2/T4 ABS T No 

TJMA_010 T1/T2/T4 ABS C No 

TJMA_011 T2/T4 ABS T No 

TJMA_015 T2/T4 ABS T No 

TJMA_016 T5 MAS T Yes 

TJMA_017 T5 MAS T Yes 

TJMA_018 T5 MAS T Yes 

TJMA_019 T1/T2/T4 ABS C No 

TJMA_020 T1/T2/T4 ABS C No 

TJMA_021 T2/T4 ABS T No 

TJMA_022 T2/T4 ABS T No 

TJMA_023 T5 MAS T Yes 

TJMA_024 T2/T5 MAS T No 

TJMA_025 T2/T4 ABS T No 

TJMA_026 T5 MAS T Yes 

TJMA_028 T5 MAS T Yes 

TJMA_029 T2/T4 ABS T No 

TJMA_030 T5 MAS T Yes 

TJMA_031 T5 MAS T Yes 

TJMA_032 T5 MAS T Yes 

TJMA_034 T5 MAS T Yes 

TJMA_036 T2/T4 ABS T No 

TJMA_037 T5 MAS T Yes 

TJMA_038 T2/T4 ABS T No 

TJMA_039 T5 MAS T Yes 

TJMA_040 T2/T4 ABS T No 

TJMA_041 T2/T5 MAS T No 

TJMA_042 T2/T4 ABS C No 
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TJMA_043 T2/T4 ABS T No 

TJMA_044 T5 MAS T Yes 

TJMA_045 T5 MAS T Yes 

TJMA_046 T2/T5 MAS T No 

TJMA_048 T1/T2/T4 ABS C No 

TJMA_050 T5 MAS T Yes 

TJMA_051 T5 MAS T Yes 

TJMA_052 T5 MAS T Yes 

TJMA_053 T1/T2/T4 ABS C No 

TJMA_054 T1/T2/T4 ABS T No 

TJMA_055 T5 MAS T Yes 

TJMA_056 T2/T4 ABS T No 

TJMA_057 T2/T4 ABS T No 

TJMA_058 T5 MAS T Yes 

TJMA_059 T5 MAS T Yes 

TJMA_061 T5 MAS T Yes 

TJMA_062 T5 MAS T Yes 

TJMA_065 T2/T4 ABS T No 

TJMA_066 T2/T4 ABS T No 

TJMA_067 T5 MAS T Yes 

TJMA_068 T2/T4 ABS T No 

TJMA_069 T2/T4 ABS T No 

TJMA_071 T5 MAS T Yes 

TJMA_074 T2/T4 ABS T No 

TJMA_075 T5 MAS T Yes 

TJMA_077 T2/T4 ABS T No 

TJMA_078 T5 MAS T Yes 

TJMA_079 T2/T4 ABS T No 

TJMA_080 T1/T2/T4 ABS T No 

TJMA_081 T2/T4 ABS T No 

TJMA_083 T2/T4 ABS T No 

TJMA_085 T5 MAS T Yes 

TJMA_086 T2/T3 BOLc T No 

TJMA_087 T5 MAS T Yes 

TJMA_089 T2/T3 BOL T No 

TJMA_090 T1/T2/T4 ABS C No 

TJMA_091 T2/T4 ABS T No 

TJMA_092 T1/T2/T4 ABS C No 
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TJMA_095 T5 MAS T Yes 

TJMA_096 T1/T2/T4 ABS C No 

TJMA_097 T5 MAS T Yes 

TJMA_098 T2/T4 ABS T No 

TJMA_099 T5 MAS T Yes 

TJMA_100 T5 MAS T Yes 

TJMA_101 T5 MAS T Yes 

TJMA_102 T5 MAS T Yes 

TJMA_103 T2/T4 ABS T No 

TJMA_104 T4/T5 ND T Yes 

TJMA_105 T2/T4 ABS T No 

TJMA_106 T5 MAS T Yes 

TJMA_107 T5 MAS T Yes 

TJMA_108 T2/T4 ABS T No 

TJMA_109 T5 MAS T Yes 

TJMA_110 T2/T4 ABS T No 

TJMA_111 T5 MAS T Yes 

TJMA_112 T2/T4 ABS T No 

TJMA_113 T5 MAS T Yes 

TJMA_114 T5 MAS T Yes 

TJMA_115 T5 MAS T Yes 

TJMA_116 T5 MAS T Yes 

TJMA_117 T2/T4 ABS T No 

TJMA_118 T2/T4 ABS T No 

TJMA_119 T2/T4 ABS T No 

TJMA_120 T2/T4 ABS C No 

TJMA_121 T5 MAS T Yes 

TJMA_122 T5 MAS T Yes 

TJMA_123 T2/T4 ABS C No 

TJMA_124 T5 MAS T Yes 

TJMA_125 T2/T4 ABS T No 

TJMA_126 T5 MAS T Yes 
aM. abscessus, bM. massiliense, cM. bolletii, dNot Determined 
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Table S3 Basic statistics of WGS data of 148 environmental or clinical 

isolates from Japan. 

Strain Total length N50 Contigs Coverage GC (%) 
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Mab14033-1 5316180 213605 52 85.97 64.02 

Mab18036 5096890 165746 66 95.16 64.19 

MabF6 4799461 213229 38 93.79 64.28 

MabJATA1 5057593 118021 100 51.65 63.92 

MabK14 5071761 200737 90 86.33 64.08 

MabK16 5009684 118480 81 37.05 64.19 

MabK30 4704077 165959 65 41.86 64.28 

MabK34 4992243 125124 89 61.64 64.19 

MabLRC1 5056100 261212 49 91.43 64.03 

MabLRC10 5136468 119037 79 88.14 64.08 

MabLRC100 5208261 90657 117 34.86 64.22 

MabLRC101 4940048 154666 85 557.58 64.00 

MabLRC102 4876782 133487 72 48.36 64.13 

MabLRC103 5094430 316266 42 99.24 64.18 

MabLRC104 4814131 182880 61 78.81 64.27 

MabLRC105 4998504 118640 92 85.25 64.19 

MabLRC106 5172540 77396 112 46.42 64.03 

MabLRC107 4868796 133548 59 251.24 64.21 

MabLRC108 5197867 77960 134 31.97 64.02 

MabLRC109 5052053 210451 59 385.87 64.12 

MabLRC11 5088336 117715 85 30.67 64.25 

MabLRC110 5074341 175406 74 511.39 63.91 

MabLRC112 4950965 110336 83 33.97 64.19 

MabLRC113 5069942 228504 52 119.43 64.22 

MabLRC114 5046351 171601 81 46.93 63.97 

MabLRC115 4933766 160786 54 410.02 64.23 

MabLRC116 4862798 155632 67 428.75 64.15 

MabLRC117 5211175 171580 76 52.86 64.23 

MabLRC118 5050669 170225 59 462.33 64.17 

MabLRC119 5225706 162382 68 413.65 64.11 

MabLRC12 5129792 224727 43 118.55 64.09 

MabLRC120 5169047 155194 69 418.65 64.10 

MabLRC121 5214307 171554 103 510.70 64.04 

MabLRC122 5007177 81252 131 62.19 64.27 
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MabLRC123 4862722 136072 61 262.28 64.15 

MabLRC124 5447796 118650 94 126.34 64.05 

MabLRC125 5222658 171501 61 56.10 64.21 

MabLRC126 5098698 137989 88 305.33 64.18 

MabLRC127 5245766 145619 71 100.32 64.13 

MabLRC128 5156406 150654 66 153.63 64.12 

MabLRC13 5163925 245416 49 61.81 64.09 

MabLRC130 5133271 210494 60 186.76 64.20 

MabLRC131 4802491 219424 54 133.14 64.25 

MabLRC132 4765753 299978 34 421.58 64.26 

MabLRC133 5080591 212746 53 751.19 64.17 

MabLRC134 5416217 153472 71 424.02 64.05 

MabLRC135 4998744 203292 56 559.73 64.13 

MabLRC136 4899407 159280 63 168.71 64.14 

MabLRC137 4994827 218647 45 267.12 64.14 

MabLRC138 4887532 152158 50 88.65 64.25 

MabLRC139 5095699 245634 60 105.80 64.12 

MabLRC14 5061117 178838 56 95.39 64.10 

MabLRC140 4995083 225721 39 115.94 64.15 

MabLRC142 5023755 174857 65 97.49 64.14 

MabLRC143 4917765 146819 67 240.83 64.20 

MabLRC144 5097474 230170 56 401.98 64.17 

MabLRC145 4743087 241875 43 137.04 64.27 

MabLRC146 5088371 119729 81 83.15 64.24 

MabLRC148 4883619 165790 75 32.52 64.21 

MabLRC149 5242717 98115 107 30.35 64.16 

MabLRC152 5921286 145522 88 58.95 63.88 

MabLRC153 5118560 183836 66 56.44 64.12 

MabLRC2 4953806 116038 89 51.98 64.04 

MabLRC26 5042683 33929 236 35.38 63.92 

MabLRC27 4987447 146054 65 50.39 64.17 

MabLRC28 4946695 204037 59 60.71 64.06 

MabLRC3 5131208 307864 32 151.76 64.12 

MabLRC30 5068363 96755 106 119.28 64.13 
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MabLRC31 5155495 134195 86 240.12 64.15 

MabLRC32 4817246 157481 58 48.29 64.15 

MabLRC33 5150972 115014 97 177.72 64.10 

MabLRC34 5248643 130199 69 221.29 64.13 

MabLRC35 5198069 124884 79 91.43 64.19 

MabLRC36 4714847 149548 66 149.30 64.29 

MabLRC37 4861699 136740 80 187.80 64.14 

MabLRC38 4868330 190723 54 236.07 64.22 

MabLRC39 5222551 87094 120 42.81 64.20 

MabLRC40 5116424 250925 47 82.84 64.17 

MabLRC41 4750779 164576 68 85.28 64.28 

MabLRC42 4896417 183467 48 106.34 64.14 

MabLRC43 5224190 137429 79 135.25 64.21 

MabLRC44 5066815 100040 86 232.87 64.11 

MabLRC46 5142041 118737 85 150.13 64.12 

MabLRC47 4795274 140613 70 232.48 64.28 

MabLRC48 4892220 109841 81 64.43 64.20 

MabLRC5 4913445 182942 55 31.98 64.17 

MabLRC50 5027033 58544 190 39.39 64.16 

MabLRC51 4961204 171861 63 200.83 64.13 

MabLRC52 5094238 122407 84 158.59 64.10 

MabLRC53 4960848 110308 92 179.42 64.12 

MabLRC54 5081480 128859 77 430.27 64.17 

MabLRC55 4732816 82785 115 100.96 64.34 

MabLRC56 5242362 158217 64 263.12 64.07 

MabLRC57 5162846 143717 76 242.74 64.17 

MabLRC58 5212167 135033 85 127.09 64.07 

MabLRC6 5088831 202142 54 56.04 64.14 

MabLRC60 5225467 120947 100 69.00 64.05 

MabLRC62 5058382 115201 120 237.02 63.87 

MabLRC63 5082582 134168 75 273.97 64.17 

MabLRC64 5087554 115550 97 328.76 64.26 

MabLRC65 4889317 130094 71 46.30 63.97 

MabLRC66 5071915 123700 90 243.94 64.08 
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MabLRC67 4817453 130185 62 273.36 64.26 

MabLRC68 5089744 119418 76 200.78 64.18 

MabLRC69 4948942 135057 76 254.43 64.11 

MabLRC7 4847313 171918 57 64.23 64.20 

MabLRC70 5076572 192223 65 83.17 64.10 

MabLRC71 5221674 117448 84 92.27 64.06 

MabLRC72 5242664 64033 131 32.16 64.03 

MabLRC73 4864124 123610 77 69.97 64.21 

MabLRC74 5150373 160969 76 185.85 64.10 

MabLRC75 4905398 138000 70 136.58 64.20 

MabLRC76 5241622 117742 94 225.50 64.22 

MabLRC77 4897536 146726 66 42.82 64.16 

MabLRC78 4880230 106660 97 52.54 64.04 

MabLRC79 5104815 136736 80 130.10 64.21 

MabLRC8 5111822 282780 46 79.48 64.19 

MabLRC80 5081060 148894 74 117.21 64.12 

MabLRC82 4903668 143555 63 87.07 64.10 

MabLRC83 5135736 301250 37 103.65 64.16 

MabLRC86 5055429 140564 77 43.00 64.08 

MabLRC87 5097802 142528 75 175.95 64.12 

MabLRC88 4858972 119208 71 34.24 64.21 

MabLRC89 5181849 115124 92 50.07 64.12 

MabLRC9 5136689 168734 64 31.64 64.10 

MabLRC90 4746830 97370 103 52.93 64.24 

MabLRC91 5014995 74685 148 371.01 64.27 

MabLRC92 5562493 166842 57 90.69 63.92 

MabLRC93 5155964 104712 110 51.08 64.12 

MabLRC94 5007247 94727 100 228.11 64.28 

MabLRC95 5220221 107188 138 51.35 64.04 

MabLRC96 5169380 107234 99 62.40 64.10 

MabLRC98 5127161 223154 49 64.67 64.14 

MabLRC99 4914679 39045 251 34.43 64.14 

MabLRCA1 5436859 100425 101 66.72 63.99 

MabLRCA10 4904608 378356 32 234.35 64.10 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 18, 2020. ; https://doi.org/10.1101/2020.09.17.292417doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.17.292417


Manuscript for bioRxiv 
M. Yoshida et al. 

78 
 

MabLRCA11 5068073 112152 88 47.39 64.22 

MabLRCA12 5448539 124992 99 246.38 64.04 

MabLRCA13 5068829 120115 70 68.60 64.22 

MabLRCA14 4896703 130259 61 140.94 64.14 

MabLRCA2 4968754 202412 45 523.53 64.18 

MabLRCB1 5325297 133135 83 67.40 64.03 

MabMT10 5036670 109522 88 61.68 64.15 

MabMT11 5039187 183160 60 79.66 64.15 

MabMT19 5055126 145787 62 42.04 64.27 

MabMT37 4939260 127894 77 30.27 64.20 

MabNG 4945591 118636 94 38.72 64.14 

MabYNKW 5193773 275586 49 269.45 64.27 
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Table S4. Genes associated with the lineage to which all M. abscessus with the erm(41) T28C sequevar belonged 

Gene group (by 

Roary) 

Locus tag in 

Mab18036 
Annotation 

Sensitivit

y 

Specificit

y 

Bonferroni corrected P 

value 

group_8487 Mab18036_2551 hypothetical protein 94.44 99.25 5.36E-16 

group_8493 Mab18036_2561 hypothetical protein 94.44 99.25 5.36E-16 

group_5354 Mab18036_2560 hypothetical protein 94.44 99.25 5.36E-16 

group_8494 Mab18036_2564 hypothetical protein 94.44 99.25 5.36E-16 

group_8490 Mab18036_2556 hypothetical protein 94.44 99.25 5.36E-16 

group_8488 Mab18036_2552 hypothetical protein 94.44 99.25 5.36E-16 

group_8492 Mab18036_2558 hypothetical protein 94.44 99.25 5.36E-16 

group_8491 Mab18036_2557 hypothetical protein 94.44 99.25 5.36E-16 

group_8489 Mab18036_2555 hypothetical protein 94.44 99.25 5.36E-16 

group_8486 Mab18036_2550 putative phage integrase 94.44 98.50 5.05E-15 

group_5353 Mab18036_2559 hypothetical protein 94.44 98.50 5.05E-15 

group_2170 Mab18036_3400 hypothetical protein 94.44 98.50 5.05E-15 

group_8597 Mab18036_4520 hypothetical protein 100.00 96.24 7.53E-15 

group_2305 Mab18036_1747 MFS transporter 100.00 96.24 7.53E-15 

group_5342 Mab18036_1750 hypothetical protein 100.00 96.24 7.53E-15 

group_8600 Mab18036_4528 hypothetical protein 100.00 96.24 7.53E-15 

group_5340 Mab18036_1748 TetR family transcriptional regulator 100.00 96.24 7.53E-15 

group_8598 Mab18036_4523 hypothetical protein 100.00 96.24 7.53E-15 

group_5341 Mab18036_1749 hypothetical protein 100.00 96.24 7.53E-15 

group_2268 Mab18036_4527 hypothetical protein 100.00 96.24 7.53E-15 

group_5338 Mab18036_1175 aldehyde dehydrogenase 88.89 99.25 3.39E-14 
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group_8471 Mab18036_1174 amidohydrolase 88.89 99.25 3.39E-14 

group_5337 Mab18036_1172 putative membrane protein 88.89 99.25 3.39E-14 

group_8470 Mab18036_1173 putative conserved membrane protein 88.89 99.25 3.39E-14 

group_8472 Mab18036_1176 hypothetical protein 88.89 99.25 3.39E-14 

group_2319 Mab18036_2563 hypothetical protein 94.44 96.99 1.74E-13 

group_8685 Mab18036_4787 hypothetical protein 88.89 98.50 3.01E-13 

group_5389 Mab18036_4523 hypothetical protein 100.00 93.98 3.50E-13 

group_9451 Mab18036_4786 hypothetical protein 94.44 96.24 7.62E-13 

group_5355 Mab18036_2562 hypothetical protein 94.44 96.24 7.62E-13 

group_8250 Mab18036_4255 hypothetical protein 94.44 95.49 2.90E-12 

group_5394 Mab18036_4782 hypothetical protein 94.44 95.49 2.90E-12 

group_8113 Mab18036_3336 hypothetical protein 94.44 95.49 2.90E-12 

group_5385 Mab18036_4514 TetR family transcriptional regulator 100.00 92.48 2.94E-12 

group_3570 Mab18036_4519 hypothetical protein 100.00 92.48 2.94E-12 

group_5388 Mab18036_4521 hypothetical protein 100.00 92.48 2.94E-12 

group_8595 Mab18036_4511 peptidase 100.00 92.48 2.94E-12 

group_5386 Mab18036_4516 FAD-dependent oxidoreductase 100.00 92.48 2.94E-12 

group_5383 Mab18036_4508 hypothetical protein 100.00 92.48 2.94E-12 

group_5384 Mab18036_4512 NADPH:quinone reductase 100.00 92.48 2.94E-12 

group_5390 Mab18036_4524 hypothetical protein 100.00 92.48 2.94E-12 

group_8593 Mab18036_4509 TetR family transcriptional regulator 100.00 92.48 2.94E-12 

group_8594 Mab18036_4510 membrane protein 100.00 92.48 2.94E-12 

group_8596 Mab18036_4513 hypothetical protein 100.00 92.48 2.94E-12 

group_2264 Mab18036_4529 hypothetical protein 100.00 91.73 7.74E-12 

group_3572 Mab18036_4792 hypothetical protein 100.00 91.73 7.74E-12 
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group_8686 Mab18036_4788 hypothetical protein 100.00 91.73 7.74E-12 

group_5207 Mab18036_4525 transcriptional regulator 100.00 91.73 7.74E-12 

group_8599 Mab18036_4526 hypothetical protein 100.00 91.73 7.74E-12 

group_8251 Mab18036_4263 hypothetical protein 94.44 94.74 9.86E-12 

group_8710 Mab18036_4918 hypothetical protein 83.33 98.50 1.20E-11 

group_2258 Mab18036_4517 putative oxidoreductase 88.89 96.24 3.83E-11 

group_3492 Mab18036_4779 hypothetical protein 88.89 96.24 3.83E-11 

group_5205 Mab18036_4778 hypothetical protein 88.89 95.49 1.39E-10 

nasC Mab18036_4780 
FAD/NAD(P)-binding 

oxidoreductase 
100.00 88.72 2.32E-10 

nasA Mab18036_4781 molybdopterin oxidoreductase 100.00 88.72 2.32E-10 

group_7970 Mab18036_4783 hypothetical protein 100.00 87.97 4.93E-10 

group_1156 Mab18036_4785 hypothetical protein 94.44 91.73 5.94E-10 

group_1607 Mab18036_4793 hypothetical protein 94.44 91.73 5.94E-10 

group_5203 Mab18036_4784 hypothetical protein 94.44 91.73 5.94E-10 

group_8695 Mab18036_4865 hypothetical protein 83.33 96.24 1.28E-09 

group_530 Mab18036_4859 hypothetical protein 83.33 96.24 1.28E-09 

group_8694 Mab18036_4856 hypothetical protein 83.33 96.24 1.28E-09 

group_8692 Mab18036_4854 hypothetical protein 83.33 96.24 1.28E-09 

group_2231 Mab18036_4919 hypothetical protein 83.33 96.24 1.28E-09 

group_3578 Mab18036_4957 hypothetical protein 83.33 96.24 1.28E-09 

group_8693 Mab18036_4855 hypothetical protein 83.33 96.24 1.28E-09 

group_5253 Mab18036_3337 hypothetical protein 94.44 90.98 1.42E-09 
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Figure S6. 912 
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