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Detection of erm Gene

While detecting 23S rRNA mutations, the
presence of five types of erm genes, erm(37) to
erm(41), related to mycobacteria were screened in
these 143 NTM isolates. PCR amplicons of expected
size (-750 bp) with erm(39) primer sets were
observed in all M. fortuitum. Amplicons of the
expected size (-650 bp) with erm(41) primer sets
were obtained in all 46 M. abscessus subsp.
abscessus isolates, while those of smaller size
(-300 bp) were detected in four M. abscessus subsp.
massiliense isolates. Sequencing result showed that
erm(41) of M. massiliense had two deletions
(nucleotides 64 and 65; 276 bp after nucleotide 158)
as compared with M. abscessus and, thus, lacked
most of the functional domains of ribosomal RNA
adenine dimethylases. No erm gene was detected in
either of the three SGM species, M. avium, M.
intracellulare, or M. gordonae.

As T/C polymorphism at 28th nucleotide on
erm(41) correlated with inducible macrolide
resistance™?”, we further compared the 3-day and
14-day antibiotic susceptibility of strains that carried

erm(41) genes. Three M. abscessus subsp. abscessus
strains harboring A2059G  substitution were
excluded, as their 3-day MICs had already reached
the highest concentration. As shown in Table 5, 34 of
43 M. abscessus subsp. abscessus isolates harbored
thymine at 28th nucleotide position (T28 sequevar)
corresponding to Trp10 in the amino acid sequence.
The other nine isolates were C28 sequevar (cytosine,
Arg10). MICs of all T28 sequevar isolates reached the
highest detection macrolide concentration at 14
days, irrespective of these strains being sensitive or
resistant to macrolide at 3 days. In contrast, MICs of
the nine C28 sequevar isolates were essentially the
same at 3 and 14 days. Thus, erm gene was
responsible for inducible macrolide resistance of M.
abscessus subsp. abscessus; the resistance observed
at 3 days was out of the interpretable range for 23S
rRNA and erm gene. Although all four M. massiliense
isolates were T28 sequevars, these were sensitive to
macrolides and had no change in MICs upon
prolongation of the antibiotic susceptibility test to
14 days owing to the deletion and loss of function of
erm(41).

Table 3. Common Point Mutations of NTM that Are Different from E. coli Reference Sequence

Nﬁ:s:}r Position Mutant Nl;:::::::f Nﬁ:sér Position Mutant Nl;:::::‘rsm
1 2019 A->C 107 23 2102 G->T 107
2 2023 C>A 107 24 2103 C>A 90
3 2024 G->C 107 C>T 17
4 2025 C->G 107 25 2105 TG 107
5 2026 T>A 107 26 2106 TG 107
6 2029 G->A 107 27 2107 G->T 107
7 2037 AT 107 28 2108 AT 107
8 2038 G->C 107 29 2128 G->A 107
9 2039 TG 107 30 2138 G->A 103
10 2040 G->T 107 G->C 1
11 2044 C->G 107 G->T 3
12 2052 A->G 107 31 2139 T->C 80
13 2057 G->A 107 TG 23
14 2070 A->G 107 T->- 4
15 2076 T->C 107 32 2153 C->T 103
16 2088 A->G 107 C->G 4
17 2089 C->T 107 33 2160 C->T 107
18 2091 C->T 107 34 2163 AT 107
19 2094 A->G 106 35 2165 C->G 107

AT 1 36 2178 C>T 107
20 2095 AT 90 37 2181 TG 107
A->C 17 38 2182 -2A 107
21 2096 C->G 107 39 2184 A->C 107
22 2097 AT 101 40 2185 A->G 107
A->C 6 41 2187 G->A 107
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Continued
Nﬁ:s:}r Position Mutant Nl;:::::::f Nﬁ:s:}r Position Mutant Nl;:::::::f
42 2190 T->G 107 87 2387 C->A 107
43 2193 T->C 107 88 2388 A->C 103
44 2195 T>A 81 AT 4
T->C 23 89 2400 T->C 107
T->- 3 90 2401 G->A 107
45 2204 T->C 107 91 2402 G->C 107
46 2207 C->A 107 92 2403 T->C 107
47 2213 AT 107 93 2409 A-G 107
48 2220 G->T 107 94 2418 C->G 107
49 2222 T->C 107 95 2419 C->T 107
50 2223 G->A 107 96 2420 A-G 107
51 2233 T->C 107 97 2443 T->C 107
52 2248 G->A 107 98 2463 A->C 107
53 2260 C->T 107 99 2464 C->T 107
54 2261 T->G 107 100 2465 C->T 107
55 2271 G->A 107 101 2466 G->C 107
56 2272 AT 107 102 2476 T->C 107
57 2283 A->C 107 103 2488 C->G 107
58 2286 A->C 107 104 2489 G->A 107
59 2288 G->A 107 105 2490 G->T 107
60 2295 G->C 107 106 2491 T->G 107
61 2296 G->C 107 107 2515 A-G 107
62 2299 A->C 107 108 2518 A-G 107
63 2301 T>A 107 109 2532 A-G 107
64 2307 T>A 107 110 2535 T->C 107
65 2311 A->C 107 111 2549 AT 107
66 2312 C->A 107 112 2550 T->G 107
67 2319 AT 107 113 2562 A->C 107
68 2323 T->G 107 114 2563 T>A 107
69 2331 T->G 103 115 2570 T->C 107
T>A 4 116 2573 T->C 107
70 2332 G->T 107 117 2613 C->T 107
71 2336 T->C 107 118 2619 T->C 107
72 2340 C->G 107 119 2624 T->C 107
73 2341 C->G 107 120 2626 G->C 107
74 2356 C->A 107 121 2630 C->T 107
75 2357 G->C 107 122 2631 T->C 107
76 2359 G->T 107 123 2632 G->A 107
77 2362 G->A 107 124 2635 G->A 107
78 2363 G->A 101 125 2637 A->C 107
G->T 6 126 2638 C->T 107
79 2364 C->G 107 127 2644 G->A 107
80 2365 G->T 107 128 2645 G->A 107
81 2367 G->A 100 129 2646 G->A 107
G->- 7 130 2647 G->C 101
82 2374 T->G 107 G->T 6
83 2375 G->A 107 131 2651 C->T 107
84 2382 C->T 107 132 2652 T->C 107
85 2383 A->C 107 133 2672 A-G 107
86 2386 T->G 107 134 2673 G->A 107
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Table 4. Species-specific Point Mutations in rr/ Gene from 143 NTM Strains

Serial . E. M. abscessus M. massiliense M. fortuitum M. avium M. intracellulare M. gordonae
Number ~ ostons o  Mutant (n=46) (n=4) (n=9) (n=49) (n=31) (n=4)
1 2081 T T->C - - 9 49 31 -
2 2083 G G->A - - 9 49 31 -
3 2099 T T->C - - 9 49 31 4
4 2101 A A->G 46 4 - 49 31 4
5 2131 T -G 45 4 9 - 31 4

T->A 1 - - - - -
6 2136 G G>A - - . . 31 1
7 2137 T T->C 46 4 9 49 - 4
8 2140 G G->C - - 9 - - 4

G>A - - - 49 31 N
9 2141 G G->C 46 4 9 - - -
10 2150 C C->G 46 4 9 - - -

C>T - - - 49 31 4
11 2151 T -G - - 9 - - 4
12 2152 G G>A - - - . - 4

G->T 46 4 9 - - -
13 2154 A A->G 46 4 9 49 - 4
14 2162 G G->A 46 4 - - - -
15 2164 C c>T - - 9 49 31 4
16 2191 G G->A 46 4 - - - -
17 2192 A A->G - - 9 - - -
18 2196 T T>C - - - 49 31 4
19 2202 G G->C 46 4 9 - - -
20 2206 A A->G 46 4 9 - - -
21 2210 G G>C - - - 49 31 N
22 2212 - ->A 46 4 9 - - 4
23 2215 T T>C - - . . 3 N
24 2217 C C>G - - - 49 31 N
25 2221 T T->C 46 4 - - - -
26 2224 C C->G 46 4 9 - - -
27 2238 T T>C - - - 49 31 N
28 2267 T T->C 46 4 9 - - -
29 2321 G GA - . 8 B 31 _

G>T 46 4 9 - - 4
30 2322 T T>C - - - 49 31 N
31 2328 c ST - - 9 49 31 4
32 2358 T T->C 41 4 - - - 1

-G - - 9 - _ _
33 2404 T T>C - - - 49 31 N
34 2406 T T->C - - - 49 31 -

35 2636 A A->G - - 9 - - -
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DISCUSSION

Pulmonary infections with NTM are becoming
an increasing concern in many countries. Macrolides
are one of the most important drugs used for the
treatment of NTM, especially MAC infections. In the
present study, the result of an in vitro antibiotic
susceptibility testing confirmed the efficacy of
macrolides against NTM. The resistant rates and
MICs, of all strains except M. fortuitum to AZM, ROX,
and CLAR were lower than 24% and 8 ug/mL,
respectively. In addition, these drugs were two- to
four-fold more active than ERY in vivo®". CLAR was
the most potent agent against NTM strains, with a
resistance rate of 8.1% (25/310), and served as the
only agent with high clinical efficacy in the
susceptibility test??. These results are in line with
those reported by Foo et al.” wherein CLAR
inhibited M. abscessus and MAC at a resistance rate
of 20% and 10%, respectively. AZM was
administrated once daily and is beneficial for patient
compliance, especially for the long-term treatment
over 6 months commonly required in mycobacterial
infections®”. High efficiency of AZM against NTM
was also observed. However, comparative studies
with CLAR and AZM for NTM treatment are limited.
In our study, AZM concentration required to inhibit
NTM was higher than that of CLAR. However, some
conflicting results were observed. Choi et al.”.
found that AZM is a weaker inducer of erm(41) gene
expression than CLAR and should therefore be
preferred for M. abscessus infections. In contrast,
the findings reported by Maurer contradict this

suggestion, as high median MICs of > 256 pug/mL on
day 12 were observed for the two drugs. Thus,
further studies are warranted to determine the
clinical efficacy of CLAR and AZM against NTM. The
activity of ROX was reported to be comparable to
that of CLAR both in vitro and in vivo in animal
models?”. Consistent with former reports, we
observed a similar activity for ROX in our results.
ROX was successfully used for the treatment of
cutaneous M. chelonae infections®®.

The results of the antibiotic susceptibility
testing demonstrated the great difference in
sensitivity between different species, particularly
between M. gordonae and M. fortuitum as well as M.
abscessus subsp. abscessus and M. abscessus subsp.
massiliense. In our study, most of M. abscessus and
M. massiliense were susceptible to macrolides on
day 3. However, resistance was evident only in M.
abscessus after 14 days of incubation. Truncated
erm(41) was observed in M. massiliense and erm(41)
polymorphism in M. abscessus was related to
inducible macrolide resistance. These results support
the findings that macrolide-containing regimens
were more effective for the treatment of M.
massiliense infections than M. abscessus®®. In our
study, 77.8% M. fortuitum were found to be
resistant to CLAR and all carried erm(39). Esteban et
al.”% showed that 84.3% (75/89) M. fortuitum clinical
isolates harbored erm and only 52.8% of these were
resistant to CLAR. This variation may be associated
with the differences in the methodology employed and
regions. Thus, genetic polymorphism of erm(39)
gene may exist in M. fortuitum, necessitating further

Table 5. Number of Resistant Strains and MIC Range at 3 and 14 Days for Two Types of erm(41) Sequevar
Strains of M. abscessus subsp. abscessus and M. abscessus subsp. massiliense Absenting rrl Mutation (A2059G)

M. abscessus

Number of Resistant Strains (n)

MIC Range (ug/mL)

Subspecies Sequevar Antibiotic Day 3 Day 14 Day 3 Day 14
M. abscessus subsp. T28 ERY 25 34 0.3-128.0 >256.0
abscessus (n=34) AZM 10 34 0.3-128.0 >256.0
ROX 7 34 0.3-64.0 64.0->256.0
CLAR 3 34 0.3-16.0 8.0->128.0
c28 ERY 4 4 0.3-32.0 2.0-32.0
(n=9) AZM 1 1 0.3-16.0 1.0-16.0
ROX 1 1 0.3-16.0 1.0-16.0
CLAR 0 0 0.3-4.0 1.0-4.0
M. abscessus subsp. T28 ERY 2 2 <1.0-16.0 1.0-16.0
massiliense (n=4) AZM 0 0 <1.0 1.0
ROX 0 0 <1.0 1.0
CLAR 0 0 <1.0 1.0
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studies. SGM species were more susceptible to
macrolide than RGM, probably owing to the absence
of erm genes in these species. We found that M.
avium seemed less susceptible than M. intracellulare
to macrolide, consistent with the results of previous
reports[31’32]. As macrolide susceptibility of MAC has
been correlated with clinical treatment outcomes,
one may expect more therapeutic failures in treating
M. avium infections than M. intracellulare infections.
These species-specific sensitivity suggests the
importance of the identification of NTM isolates to
subspecies level to design specific treatment
regimens. The species-specific sites of rrl gene, such
as G2321A of M. intracellulare, A2192G, T2358G,
and A2636G of M. fortuitum, and G2152A of M.
gordonae, identified in this study may be employed
as a rapid identification method for NTM.

The most striking observation of this study is the
low detection rate of the two well-known macrolide
resistance mechanisms. Several reports have
suggested that point mutations at 2,058/2,059
position in rrl gene were the most common
mechanisms to confer macrolide resistance in MAC
strains and were observed in > 90% of the reported
resistant mutants®?. However, a significant fraction
of resistant strains who failed to harbor any
previously identified mutations were observed in
former reports. In this study, the proportion of
strains with 2,058/2,059 substitutions in 23S rRNA
was particularly low and none of other substitutions
related to macrolide resistance was identified. This
observation was similar to M. abscessus strains
isolated from Korea, wherein most strains with
acquired resistance had no 2,058/2,059 substitutions
in rr®3 In this study, erm(39) and erm(41) were
detected in all M. fortuitum and MABC and inducible
resistance was observed in relevant sequevars.
However, the resistance observed at 3 days could
not be explained by 23S rRNA and erm mechanisms.
Therefore, the well-known macrolide resistance
mechanisms failed to cover NTM isolates and meet
the requirement for developing fast diagnostic
methods for resistant strains to guide
rational and individualized medication. The unknown
mechanisms responsible for macrolide resistance in
NTM remain to be elucidated.
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