Identity (%)

2777277 (100)
279/279 (100)
270/270 (100)
293/294 (99.7)

ITS
M. abscessus DSM44196  294/294 (100)

M. kansasii, MkaF
M. kansasii, MkaC
M. gordonae, MgoC
M. chelonae Mche B

Identity (%)

429/429 (100)
441/441 (100)
440/440 (100)
440/440 (100)
430/430 (100)
428/428 (100)
428/428 (100)
428/428 (100)
442/442 (100)
423/428 (98.8)
439/439 (100)

16S rRNA gene
M. kansasii Borste 8875/99, sqv. VI-3

M. kansasii Borste 539/99, sqv. III

M. gordonae Borste 11340/99, sqv. I
M. interjectum ATCC51457T

M. abscessus or M. chelonae

(M. abscessus by ITS)
M. intracellulare ATCC35770 sqv. III

M. mucogenicum ATCC49650T
M. paraffinicum DSM44181T

*M. avium complex **slow growers ***rapid growers NT: nottested T, Type strain sqv., sequevar

M. lentiflavum DSM44418T

M. abscessus or M. chelonae

(M. chelonae by ITS)
M. fortuitum DSM46621T

INNO-LiPA

M. kansasii 3
M. kansasii 3
M. gordonae
MYC genus
M. abscessus
M. chelonae
MYC genus
MAIS

M. fortuitum

MYC genus

DDH

Unidentified**

Unidentified**

Unidentified**

Unidentified**

Unidentified**

Unidentified ***

Unidentified***

M. scrofulaceum M. intracellulare 2

M. fortuitum

NT

Table 2 Discrepant and unidentified results in identification of Mycobacterium species, including 9 isolates of M. lentiflavum.
M. fortuitum

AccuProbe
Negative
Negative
Negative
NT

NT

NT

NT

NT

NT

NT

M. intracellulare MAC*

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative

Cobas Amplicor
Negative

system

Isolate No.

19
14
22

6
23
13
18

9 isolates

A% E84% 15 20004 1 B

HONLDREOIFEIZIZEST, DDHEEL V-2 1
AENT T M. fortuitum L R Sz, BHR2313 /52
T 7N aAT %A ANy T ) TEET M intracellulare,
7 ¥ 2 70— 7 MACH T MAC, INNO-LiPA # T MAIS
EHEE N, ¥ =2 TV AN T M.intracellulare ATCC
35770 sqv. 1 (Mac-D) & 100% MR & H 2 S h iz,

V= XV AR VT RIO L EOERENE
ootk (W13, 18) X & 4 M mucogenicum T #% M
& M. paraffinicum & FISE E iz,

NI ETEEFREBEIN, anz 707
a7 XAANFF) Y AE, T¥aTSu—7%, DDH
ETHREREE L %2 0, INNO-LiPA #: T MYC genus IZ
LNy FOEBRR NG o ety — 7 = v AfHT
T M. lentiflavum & [ 5€ S N2 8kDY 9 BRELD 5172 (Table
2o

BB ISRE L Tz 3 RARE L INNO-LIPA
TOBEED/N Y P27 = PRO LN (Muberculosis
+M. gordonae, M.avium-+M.fortuitum, M. kansasii+M.

gordonae)
% %

TFEEFWIEFLEETH D 16S IRNAEETIC
BOHERONRWEE, ITSHEBOE ) P EE I
Wi, LYEHEEODLENERIBONS, ITSHE
WA ¥ —4 v bE& L7 INNO-LPABIZ ITSHB TE W
ZRUFMON TS MACKH LT4HEOER S
U—7 %o CHEMHELZTREE LTWwd, B2
TH2TU0—T MACETMAC, I/ 7r7yay
<A N2 5 Y AEET M. intracellulare, ¥ — 7 XV A
AT C M. intracellulare ATCC 35770 sqv. I (Mac-D) & ¥
EE N7z INNO-LIPAKETIZA 7 4 FIo s 5 A
Ta— TR EN TV VDI MAIS 7 — T D&
DORJE & 7% 5720 Lebrun & ATCC 35770 DHE TR L
{ MAIS 77U — 72O ASEAED SNz L HELTw
53, L7zd T, ITSTHBICB W THENS M 2R
FTEEICH LTI, VY—2 2 AL TERT
AT LEPEEER-TL b,

VO VAT E T ROFEL DEREFAVES
2Bk bEKIBR T F 70— 7 MACEREHE,
DDH #: T M. scrofulaceum & % ), INNO-LiPA #: T MAIS
& MIN-2 1258 H 7 & N M. intracellulare sqv. Mac-A & ¥
Ea&NT, ERTH TH 5 RBRIL16S rRNA B CIE
100% DA E T M. paraffinicum DSM 44181 L $I5E £ h,
[fl U < M.scrofulaceum DSM 43992 & 1 99% @ # | % A3
R 5Nz, Tortoli & & M. paraffinicum i& MAIS & MIN-2
KREFRONZHT7TF 2 70— 7 MACEIZENE T
Holt HELTWDO, —J Lebrun S 7F 27—
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7 MACH:BEHE, INNO-LIPAE TIE MAISD AN Y F
WEERHY, ¥ — 27 I A T M. paraffinicum & 1Y
E & NI HFIEFZ M. scrofulaceum DSM 43992 & 98.9% O
MR H-> e HEL T EY, SHT Xasu—7
MACH:CMAC, INA Ty 7)ay w4 anxs7i)
Y A X Y Moaviem & FE S N7 Bi#EIL T T INNO-
LiPA % CHIEIC MAVICHEEBAR OGN, THFaTu—7
MACHETMAC, INRA 7 7)a7 A4 anxys7l)
Y NEEZ &Y Minracellulare L FIE S N2 HH S Lid
DR 23 PAHE MIN-LIZ BB R O L2 5T
ME— MIN-2 128 > F %27~ L 72 B #K 181 M. intracellulare
sqv. Mac-A & 27 ) RSB WERRE L Z 2 b/,

BBk 1313168 IRNAY — 27 = AT C M.anucogenicum
ATCC 49650T & 5bp DiEVy (98.8% OHFEMH) FR LI
M. mucogenicum DTGB L {E S iz AR LT
HRHIZHE L DDHEE TR EAfE, INNO-LIPAEE T M.
fortuitum L EENTEY, BRICTESR SN M
mucogenicum &1l < & M.chelonae-like & LTHIGI Tz
7%, 16S rRNABIE T Tld M. chelonae & Y b M. fortuitum
HEWRBICME L TEB Y, BLE T M chelonae-
abscessus 7 W — 7 & M. fortuitum 7" WV — T {45 D WA
HEBERHE LTI LA V- T EEZRIN TV S,
Ballard 5 iZ[f] U { ATCC49650T &5 bp VTR B>
ATCC 49649 & 1bp BV D M. mucogenicum N248 % fi#7 L
THEY, #H L\ subspecies D REMEDH 5 L HEL T
50, RABEFRIEEZHBICEATEBY, KB L M
mucogenicum O variant type DF REEEDE 2 b7z,

B U< REBEE R Th o 72 Bk S 13 INNO-LiPA K TId
MYC genus D AR AR & 1, DDHEE T M. fortuitum,
Y — o LV AR T M. fortuitum DSM46621 & DSM44220
12100% DAHE A D b7z, Padilla & i3 INNO-LiPA
ETRIL % A4 7 D DSM46621 ¥:1d M. fortuitum & il 58 &
e fE LT A2, bhvb hoRE TIIRRED
DSM44220 ¥ (M. fortuitum subspecies acetamidolyticum)
{2 DDH ¥ & INNO-LiPA ¥ T M. fortuitum & B £ T & 7z
(F— & KiBW) o M. fortuitum 3 ITS ¥ — 7 TV AfEHT T
sqv. I~V LN TB Y EVWSEEEZRT -0,
BABEROFM BRI — 7 2 v AAE
BcehhrLBEbhi,

BEFZRCEFEES » M X ¥ E &7 L THEkR
Eauo—WRACHEEEZERN TS LIIFEICEE
Thbd, WHR22ETNA T 7)a7 <4 ans s
Uy AE, THaTu— 78, DDHETREREL %o
REBRER TH b, INNO-LIPA B T MYC genus D )L
AR ONLH, ¥—7 T AR T M interjectum
LHSE SN Minterjectum ZIENFHBEOBIEFTR T
2> 16S IDNAFRFIPSHEPTH Y, BETEHVIH

19

EE v MOk A RHRE IR TS 5% INNO-LPA B
EBNTHEY 70— 7 HEHE S T WV o R
HoORBIETET, B cHau——HROBELE(L
SRR ABAE I L BB 5 T Do IR RIRR2
L1943, 3OO~ 7T M. kansasii O EH % ) 9 A]
BETd A INNO-LIPA T MKA-3 125 L 720 16S IRNA
BWEFOY— 2 v AN S M. kansasii sqv. T & VI &
KHE S NAHHRERRET 2707 AV H YT
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BEHOENIMERELH L0 WER, FHHTH
b, W% ET Do Msoulgaild 37°C TR, 25C
HETHBEEIE D Msimiae DA EOHBRILE
1 BHONRERO L 25 a~24BHORBEALET
HYVEERET L, HEBO I -HROBEIZBY
T, SH, RE, ZoORBTHE, (SRE, RSE) ORI HE
REBRLIETENRLTL B DD, IREHE
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BB CHRERR SN AihD L, REREHTOS
HESE AR ORFICIE T T = — DR 3 T B S
%&éoLtﬁofﬁé%%KlUQW?é%Wﬁﬁ%
+HEBLT, bR GHEICOWTEMICEE
THIEAEE LV,
mmomm&@ﬂ%ﬁ@%émmmmmﬂaﬁwm
RN F— BT B8, Bko AIDSEE» S5
BE S N7z M. genavense 2, A ¥R, A3y 7 F,
Yx— VX, AT z—F, TIVATHEIEZ T
% M. malmoense™® &\ > 7*:%@6:%1’9“ LRENTRE &
ToTWh, bHAETRIVFEATOINLORMIZL S
BYSEDHREIFEF TN TH B0, SHINSHD
BHHoOREOBICERE RN ERET LB bR b,
o, R AR CARO M AN LT\ B R
D M. lentifiavum'O 2558 3 ~- 7 T AMATIZ XY 9 ¥R
FEND, WHiHTU— T HEE &R T INNO-
LiPA H:THE MYC genus i L2/ ¥ FORBHMRE ST
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AEAHEAED 5N/ INNO-LIPAE IR FHETH
PCRIEIEMSK 3 R CHENRETH Y, DEEIFEHS
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5 BBMENA 7)) F 4 €= 3 v #{B Auto-LiPA % U
S OBRATRTH S £ BbILs, F72 INNO-
LiPABHEA MY v 7RISR BN Y FOHEETHE
+57:%, DDHED & ) AWM BolERE S
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EVALUATION OF THE INNO-LiPA MYCOBACTERIA v2
FOR MYCOBACTERIAL IDENTIFICATION

IShiomi YOSHIDA, 'Katsuhiro SUZUKI, 'Kazunari TSUYUGUCH]I, “Tomotada IWAMOTO,
?Motohisa TOMITA, '‘Masaji OKADA, and *Mitsunori SAKATANI

Abstract [Purpose] Evaluation of the INNO-LiPA MYCO-
BACTERIA v2 (the INNO-LiPA assay) for mycobacterial
identification.

[Materials and Methods] The laboratory identifications
consisting of Cobas Amplicor systems, AccuProbe, and DDH,
are commonly used to identify mycobacterial isolates in Japan.
We compared the results between the INNO-LiPA assay and
the common methods. A total of 122 clinical isolates from
NHO Kinki-chuo Chest Medical Center from 1 February to
30 June 2006 were tested.

[Results] There was agreement between the INNO-LiPA
assay and the common methods for 112 mycobacterium
isolates. The six discordant isolates have showed same results
between sequencings and the INNO-LiPA assay. The one
M. fortuitum isolates was indicated correctness by DDH and
the one M.intracellulare isolates was recognized by Cobas
Amplicor systems and as MAC by AccuProbe MAC.
Moreover, discrepant results between sequencings and
mycobacterial identifications including the INNO-LiPA assay

were 2 isolates (M.paraffinicum, M.mucogenicum variant
type).

[Conclusion] The INNO-LiPA assay could provide rapid
and correct identification results with clear-cut and easy
interpretation.

Key words: Mycobacteria, INNO-LiPA MYCOBACTERIA
v2, Identification, 16S rRNA gene, ITS sequencing
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Isoniazid (INH) is an effective first-line antituberculosis drug. KatG, a catalase-peroxidase, converts INH to
an active form in Mycobacterium tuberculosis, and katG mutations are major causes of INH resistance. In the
present study, we sequenced katG of 108 INH-resistant M. tuberculosis clinical isolates. Consequently, 9 novel
KatG mutants with a single-amino-acid substitution were found. All of these mutants had significantly lower
INH oxidase activities than the wild type, and each mutant showed various levels of activity. Isolates having
mutations with relatively low activities showed high-level INH resistance. On the basis of our results and
known mutations associated with INH resistance, we developed a new hybridization-based line probe assay for
rapid detection of INH-resistant M. tuberculosis isolates.

Isoniazid (INH) is an effective drug used in the treatment of
tuberculosis and has been in common use to treat tuberculosis
since its introduction in 1952 (4). However, the emergence of
INH-resistant (Inh") Mycobacterium tuberculosis is jeopardiz-
ing the continued utility of INH (10).

Drug resistance in M. fuberculosis is caused by mutations in
restricted regions of the genome (36). Mutations in katG, the
upstream region of the fabGl-inhA operon (Prpc;.inna)> and
inhA are responsible for INH resistance (36). The katG gene
encodes the bifunctional catalase-peroxidase enzyme that con-
verts INH to an active form (35).

Previously, we developed a DNA sequencing-based method
to detect mutations in regions associated with INH resistance
in M. tuberculosis, including katG and P, .4 (28). Conse-
quently, five novel mutations in katG associated with INH
resistance were found (28). In the present study, we cloned 21
katG mutants, including 15 novel mutants, and compared their
INH oxidase activities. Certain katG mutations were shown to
cause high-level INH resistance, which suggests the possibility
of determining the degree of INH resistance, such as high- or
low-level resistance, by detecting these katG mutations. Fur-
thermore, to detect these mutations in ordinary-scale clinical
laboratories without sequencing, we developed a new hybrid-
ization-based line probe assay (LiPA) for INH resistance in M.
tuberculosis isolates, which can be applied easily in clinical use.

* Corresponding author. Mailing address: Department of Infectious
Diseases, Research Institute, International Medical Center of Japan,
1-21-1 Toyama, Shinjuku, Tokyo 162-8655, Japan. Phone: (81)-3-3202-
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MATERIALS AND METHODS

Bacterial strains and plasmids. One hundred eight Inh" M. tuberculosis iso-
lates were obtained from single patients at the International Medical Center of
Japan and National Hospital Organization Tokyo National Hospital from 2003
to 2008. INH-susceptible (Inh®) M. tuberculosis strains H37Rv and IMCJ 2751
were used. The IMCJ 2751 isolate has a katG(G1388T) [KatG(R463L)] neutral
mutation. The Escherichia coli strains and plasmids used in this study are listed
in Table 1. E. coli TOP10F’ (Invitrogen, Carlsbad, CA) was used as the host for
cloning. E. coli UM262 (17) was used as the host for expression of katG derived
from clinical isolates and H37Rv.

Drug susceptibility testing, All clinical isolates, H37Rv, and IMCJ 2751 were
tested for drug susceptibility. Strains were analyzed by an agar proportion
method with egg-based Ogawa medium (Vit Spectrum-SR [Kyokuto Pharma-
ceutical Industrial Co., Tokyo, Japan] or Wellpack [Japan BCG Laboratory,
Tokyo, Japan]), which is based on a stightly modified WHO protocol (3) and is
recommended by the Japanese Society of Tuberculosis (3, 12). The medium
contained INH (0.2 pg/ml and 1.0 pg/ml), rifampin (RIF) (40 pg/ml), etham-
butol (EB) (2.5 pg/ml), kanamycin (KM) (20 pg/ml), p-aminosalicylic acid (PAS)
(0.5 pg/ml), streptomycin (SM) (10 pg/ml), ethionamide (TH) (20 p.g/ml), en-
viomycin (EVM) (20 pg/ml), cycloserine (CS) (30 pg/ml), and levofloxacin
(LVFX) (1.0 pg/ml). The results of drug susceptibility testing are shown in Table
S1 in the supplemental material.

Isolation of genomic DNA. Genomic DNA from M. tuberculosis was extracted
as described previously (22).

DNA sequencing of INH resistance-related genes. The fird-katG operon and
its upstream region were amplified by PCR with primers —129furd (5'-GCTCA
TCGGAACATACGAAG-3') and karG+50 (5'-GTGCTGCGGCGGGTTGTG
GTTGATCGGCGG-3"). The fabG1-inhA operon and Pr,q; 4 Were also am-
plified, using primers —-200fabG1 (5'-TTCGTAGGGCGTCAATACAC-3") and
inhA+40 (5'-CCGAACGACAGCAGCAGGAC-3'). PCR products were used
as templates for direct DNA sequencing. DNA sequences were compared with
the H37Rv sequence using Genetyx-Mac, version 14.0.2 (Genetyx Corporation,
Tokyo, Japan).

Construction of plasmids. The coding regions of katG from H37Rv, IMCJ
2751, and Inh" clinical isolates with katG mutations were amplified by PCR with
the primers katG-F-ccc (5'-CCCGAGCAACACCCACCCATTACAGAAAC-
3') and katG-R (§'-TCAGCGCACGTCGAACC-3') and cloned into pTrcHis2-
TOPO (Invitrogen) using the TA cloning method. The pTrcHis2-TOPO vector
encodes a C-terminal peptide containing a c-myc epitope and a 6XHis tag.
However, the expressed recombinant KatG protein did not have any additional
amino acid residues, such as the c-myc epitope and the 6 XHis tag, because the
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TABLE 1. E. coli strains and plasmids used in this study -

. . L Source or
Strain or plasmid Genotype or description reference
E. coli strains
TOPI10F’ F’ [lacI® Tnl0 (Tet")} mcrA A(mir-hsdRMS-mcrBC) $80lacZAM1S AlacX74 Invitrogen
recAl araD139 A(ara-len)7697 galU galK ipsL (Str*) endAl nupG
UM262 katG::Tnl0 recA pro leu rpsL hsdM hsdR endl lacY 17
Plasmids

pTrcHis2-TOPO TA cloning and expression vector; Ap* Km" Invitrogen
pkatG-wt pTrcHis2-TOPO carrying katG This study
pkatG-1 pkatG-wt carrying G1388T (neutral mutation) This study
pkatG-2 pkatG-1 carrying C379G This study
pkatG-3 pkatG-1 carrying C694T This study
pkatG-4 pkatG-wt carrying A398C This study
pkatG-5 pkatG-1 carrying T1147C This study
pkatG-6 pkatG-1 carrying 1297::C, A1305C This study
pkatG-7 pkatG-1 carrying a290g This study
pkatG-8 pkatG-1 carrying C1465A This study
pkatG-9 pkarG-wt carrying G944C This study
pkatG-10 pkatG-1 carrying T1259C This study
pkatG-11 pkatG-wt carrying G944C, G1159C This study
pkatG-12 pkatG-1 carrying G368A, G895A This study
pkatG-13 pkatG-1 carrying G1255C This study
pkatG-14 pkatG-1 carrying C195T (silent mutation), T527C This study
pkatG-15 pkatG-wt carrying A(478-479) This study
pkatG-16 pkatG-1 carrying G944C This study
pkatG-17 pkatG-wt carrying A371G This study
pkatG-18 pkatG-1 carrying C1894T This study
pkatG-19 pkatG-wt carrying C945A This study
pkatG-20 pkatG-1 carrying A(571-576) This study
pkatG-21 pkatG-1 carrying G1624C This study

katG-R reverse primer included the native stop codon. The DNA sequences of
all clones were confirmed by sequencing.

RFLP, IS6110-probed restriction fragment length polymorphism (RFLP) was
performed as described previously (22). Patterns with more than 70% similarity
were postulated to form a cluster.

Immunoblotting, Proteins separated by SDS-PAGE were transferred onto
Immun-Blot polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules,
CA). The proteins on the membranes were detected using primary antibodies
specific for KatG (28). KatG was visualized with horseradish peroxidase-conju-
gated secondary antibodies.

Enzyme assays. KatG mediates free-radical formation from INH oxidation in
the presence of H,0,. The activities of KatG were detected spectrophotometri-
cally by following the reduction of nitroblue tetrazolium (NBT) at A4, (28, 32).
Peroxidase activity was monitored spectrophotometricaily by following the oxi-
dation of 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) at A,qs
(21). Catalase activity was measured spectrophotometrically by following the
degradation of H,0, at A, (21). The catalase activity is shown as values
subtracted from that of the vector control. All assays were carried out at 25°C.
The absorbance was read 200 s after the initiation of the reaction.

LiPA. The line probe assay (LiPA) was performed as described previously (1,
29). In brief, 41 oligonucleotide probes were designed to cover mutations in the
furA-katG (35 probes for katG and 2 for furA), Propc;;.iuna (2 probes), and fabG1
(2 probes) regions (Table 2). These probes were immobilized on two strips. Six
regions, located within P46/ (477 bp), fabGI (209 bp), fird (256 bp), and
katG (612 bp, 698 bp, and 907 bp), were amplified by nested PCR. Immobilized
probes on the two strips were hybridized with the biotinylated PCR products and
then incubated with streptavidin labeled with alkaline phosphatase. The color
development was performed by incubation with 5-bromo-d-chloro-3'-in-
dolylphosphatase p-toluidine and NBT.

RESULTS

Drug susceptibility profiles. As shown in Table S1 in the
supplemental material, among 108 Inh" isolates, 65 (60%) were
resistant to INH at 0.2 pg/ml but susceptible to INH at 1.0

wg/ml, The remaining 43 (40%) were resistant to INH at 1.0
wg/ml. Among the 108 isolates, 44 (41%) were resistant to INH
but susceptible to other antituberculosis drugs. Thirteen (12%)
were multidrug-resistant (MDR) isolates and five (5%) were
extensively drug resistant (XDR).

1S6110-probed RFLP. The results of 1S6710-probed finger-
printing of the 108 Inh" isolates are shown in Fig. S1 in the
supplemental material. Five clusters were detected, consisting
of a total of 63 isolates (58%), including 12 (11%) in cluster I,
22 (20%) in cluster 1I, 12 (11%) in cluster III, 12 (11%) in
cluster IV, and 5 (5%) in cluster V. These observations sug-
gested that the majority of Inh® isolates in Japan expanded in
a clonal manner.

Correlation between drug susceptibility and 1S6110-probed
RFLP. With regard to the degree of INH resistance, the pro-
portions of high-level Inh" isolates, i.e., isolates resistant to
INH (1.0 pg/ml), were 1 (8%) in cluster I, 8 (36%) in cluster II,
4 (33%) in cluster 111, 4 (33%) in cluster IV, and 5 (100%) in
cluster V. These results indicated that the majority of isolates
belonging to cluster I were resistant to INH (0.2 pg/ml) and
susceptible to INH (1.0 pg/ml) and that those belonging to
cluster V were highly resistant to INH. Six of 13 MDR isolates
(46%) and 1 of 5 XDR isolates (20%) belonged to the clusters,
but other MDR and XDR isolates did not belong to any clus-
ters, indicating that they emerged sporadically in Japan.

Mutations in furd-katG, fabGl-inhA, and their upstream
regions. We sequenced the furd-katG operon, the fabG1-inhA
operon, and their upstream regions in all Inh" isolates tested.
Of the 108 isolates, 105 had at least one mutation (see Table S1
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TABLE 2. Locations of 41 oligonucleotide probes designed to
cover a mutation(s) associated with INH resistance

Amino acid (nucleotide)
region covered by probe

(=17 to —3)"
. 95-100
202-206
230-235
12-17
6-12

Probe

631-635
707-712

“ Nucleotide position relative to the initiation codon of fabG1.

in the supplemental material), while the remaining 3 had no
mutations in the regions sequenced. Of the 105 isolates with
mutations, 64 had mutations in the furd-katG operon, 62
had mutations in fabG1-inhA operon, and 21 had mutations in
both regions. Of the 64 with mutations in the furd-katG
operon, six had a large-scale deletion adjacent to the furd-katG
operon (Fig. 1; see also Table S1 in the supplemental mate-
rial). As shown by genetic maps (Fig. 1), these isolates had
large-scale deletions, ranging in size from 2.3 to 34.4 kb. The
remaining 58 isolates did not have large-scale deletions.
Twenty-eight different mutations were found among the 58
isolates with mutations in the furA-katG operon (see Table S1
in the supplemental material). Twenty-three were in katG, two
were in furd; and three were in the intergenic region. Seven
different mutations were found among the 62 isolates with
mutations in the fabGl-inhA operon (see Table S1 in the
supplemental material). Three were in the upstream region,
two were in fabGl, and two were in inhA. Of the 28 different
mutations found in the fur4-katG operon, 22 were novel (2 in

KatG MUTANTS WITH HIGH-LEVEL ISONIAZID RESISTANCE 1795

furd, 3 in the intergenic region of the fur4-katG operon, and 17
in katG). Of the seven different mutations found in the fabGI-
inhA operon, four were novel: one in the upstream region of
the fabG1-inhA operon, two in fabGI, and one in inhA (see
Table S1 in the supplemental material).

Correlation between INH resistance and mutations. We
recently reported 5 novel mutations in katG (28). Including
these mutations, 280 different mutations in karG were found in
PubMed (http://www.ncbi.nlm.nih.gov/sites/entrez?db=pubmed)
when articles were searched by the keywords “karG,” “mutation,”
and “tuberculosis.” In addition, six mutations in the upstream
region of the fabGI-inhA operon, including C—15T, and seven in
inhA cause INH resistance (27, 28, 36). In this study, we found an
additional 17 novel mutations in katG. One was a silent mutation
(C195T [A65A]), while the other 16 caused amino acid substitu-
tions. These mutations and amino acid substitutions are shown in
Table 3. Furthermore, several novel mutations were detected in
the present study: one in fabGI (G609A [L203L]), one in fird
(C41T [A14V]), and three in the intergenic region of the furA-
katG operon (G—7A, A—10C, and G—12A).

We will report elsewhere that these mutations in furd and
the intergenic region are associated with INH resistance in-
duced by downregulation of katG expression (H. Ando and T.
Kirikae, unpublished results), and those in fabGl are also
associated with INH resistance induced by upregulation of
inhA expression (Ando et al, unpublished). In the present
study, we examined whether novel mutations in katG are as-
sociated with INH resistance.

Correlation between mutations and IS6110-prebed RFLP,
As shown in Fig. S1 and Table S1 in the supplemental material,
all isolates belonging to cluster I detected in the 1S6110-probed
RFLP analysis, 11 (50%) in cluster II, and 8 (67%) in cluster
IIT had a C—15T mutation in the inh4 promoter region. All
isolates in cluster IV had a C41T mutation in furA. All isolates
in cluster V had a G944C/G945A (S315T/R) mutation. Isolates
harboring katG mutations, except those with the G944C/
GY945A (S315T/R) mutation, did not cluster in the IS6110-
probed RFLP.

Enzymatic activity of the novel KatG mutants. We cloned a
wild-type (WT) katG gene (pkatG-wt) from H37Rv, a katG
gene carrying a G1388T neutral mutation (pkatG-1) from
IMCJ 2751, and 20 katG genes harboring mutations causing
amino acid substitutions (pkatG-2 to -21) from Inh” isolates
(Tables 1 and 3). Among the mutants, 15 were novel and 6 had
been reported previously (the katG-1, -7, -9, -13, -16, and -19
mutants) (Table 3). These katG genes were expressed in katG-
deficient E. coli UM262. As shown in Fig. 2, E. coli isolates
with katG-wt expressed KatG (lanes 1 and 15), whereas E. coli
isolates with an empty vector did not (lanes 2 and 16). E. coli
isolates carrying katG mutants other than the katG-15 (lane 8)
and katG-17 (lane 24) mutants expressed KatG proteins at
levels similar to those observed for E. coli isolates carrying
pkatG-wt. E. coli isolates with katG-15 (lane 8) and katG-17
(lane 24), which had a frame shift mutation (Table 3), did not
express katG.

INH oxidase, peroxidase, and catalase activities were as-
sessed using these clones (Table 4). Of the cloned mutants, one
with KatG(R463L) from IMCJ 2751 showed levels of these
activities similar to those observed for the wild type, and the
KatG(R463L) mutation was not associated with INH resis-
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furA
Rv1879 katG PPE34
H37Rv '
No. 1
.. TTCGCACCAAGCCCGCGGCG... ...CGACCCGGCACCAAGAAGTG...
...TTCGCACCAAGCCCGCGGCGACCCGGCACCAAGAAGTG.
No. 2 '
..AGGTGGCATGAAACCCAGCA... ...CATCTGCCTTGGGCTCCAGC...
...AGGTGGCATGAAACCCXEQA‘%TGCCTTGGGCTCCAGC..‘
No. 3 . e
2152072 ' 2157675
..CAGCCGGCCGCACGTCGGGG... ...CCGCGTCGGGGTCATCGACG. ..
..CAGCCGGCCGCGTCGGGGTCATCGACG. .
No. 4
2130514 2164879
..TCGCCTTGGCGATCGGTAGC... ..GCCGTCGTTGGCGAAGCCGA. ..
...TCGCCTTGGCGATCGG?A‘QQ(AIETCGTTGGCGAAGCCGA‘.‘
No.5 .
..GCAAAGGATTCCACGTCGaT... ..GCCGATGCCGATGTTGCCGG...
.GCAAAGGATTCCAC(;f‘CGgGCCGATGTTGCCGGHA
No. 6 @

1

151732
...ACTACACGCTGCGGGTGGGC... ...ACCGGGCTCGTGCCCCCGCT...

‘..ccgcaaagtgtggctaaccctgaaccgtgagggcat:éaggtggccagatgcaccgtcgaacggctgatgacca
aactcggectgtccgggaccaccegeggeaaagecegeaggaccacgategetgatecggecacagecegteee
gccgatctegtccagegeegeticggaccaccageacctaaccggetgtgggtageagacctcacctatgtgtegac
ctgggcagggttcgectacgtggectttgtcaccgacgectacgcetcgeaggatectgggetggegggtegettccacy
atggccacctecatggicetcgacgegatcgageaagecatctggaccegecaacaagaaggegtacicgacctga
aagacgttatccaccatacggataggggatctcagtacacatcgatceggticagegageggetcgecgaggeagg
catccaaccgtcggteggageggicggaagetectatgacaatgcactagecgagacgatcaacggectatacaag
accgagctgatcaaacccggeaagcecectggeggtecatcgaggatgicgagtiggecaccgegegetgggtegact
ggticaaccatcgecgcctotaccagtactgeggegacgtccegecggtegaactcgaggcetgectactacgcetcaac
gccagagaccagecgeecggetgaggtetcagatcagagagtictceggactcaccggggeggtic. .

FIG. 1. Maps of large-scale deleted regions adjacent to katG in six Inh" M. tuberculosis isolates. Bold arrows indicate the open reading frames
annotated in the H37Rv genome sequence (http://genolist.pasteur.fr/TuberculList/). The dotted lines correspond to the deleted regions, with the
end sequences and H37Rv genome coordinates given below, Underlined sequences are possible substrates for recombination. The box labeled “IS”
represents the 750-bp fragment of 1S6170. Numbers 1 to 6 represent the names of the isolates and correspond to the numbers shown in Table S1
in the supplemental material. A nucleotide shown in lowercase in region 5 indicates a mutation.

tance (Table 4). With regard to INH oxidase activity, E. coli
isolates with katG-2 to -8 showed 1/3 to 1/17 less activity than
those with katG-wt. E. coli isolates carrying katG-9 to -13
showed reduced activity compared to those carrying katG-2 to
-8. E. coli isolates carrying katG-14 to -21 showed no activity
(i.e., levels similar to those observed for vector controls).
These results indicated that the degree of INH oxidase activity
is correlated with that of INH resistance. E. coli isolates with
katG-wt and katG-1 showed the highest levels of INH oxidase
activity, and M. tuberculosis isolates with these genes were
sensitive to INH. E. coli isolates carrying katG-2 to -8 showed
slightly weaker activities, and M. tuberculosis isolates with these
genes were resistant to INH at 0.2 wg/ml but susceptible to
INH at 1.0 pg/ml. E. coli isolates with katG-9 to -21 showed

weak or no activity, and M. tuberculosis isolates with these
genes were resistant to INH at 1.0 pg/ml.

The peroxidase and catalase activities of E. coli isolates with
mutations were correlated well with each other and also with
INH oxidase activity (Table 4). However, in E. coli isolates
carrying some clones, peroxidase/catalase activities were dif-
ferent from INH oxidase activity, i.e., E. coli isolates with
katG-16 and -9 showed weak activity.

Development of a LiPA for detection of INH resistance. To
detect novel mutations associated with INH resistance, we
developed a new LiPA based on the reverse hybridization
principle (25). Forty-one oligonucleotide probes were designed
for the LiPA to detect mutations containing the furd-katG
operon, the fabGI-inhA operon, Py,G1 inna» and fabGlI (Table
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TABLE 3. katG mutations found in Inh" isolates

Mutation(s)
Clone
Nucleotide Amino acid
katG-1° G1388T R463L
katG-2* C379G? Q127EP
katG-3¢ C694T? P2328°
katG-4 A398C? N133T?
katG-5¢ T1147C* S383P?
katG-6° 1297::C%, A1305C° KQT433-435QAD?
katG-7° A290G H97R
katG-8° C1465A% R489s°
katG-9 G9%44C S315T
katG-10° T1259C? M420T?
katG-11 G944C, G1159C? S315T, D387H®
katG-12° G368A", G8ISA G123E?, G299S
katG-13° G1255C D419H
katG-14° C195T?, T527C AG65A°, M176T*
katG-15 A(478-479)° Frame shift®
katG-16° G944C S315T
katG-17 A371GP Frame shift’
katG-18° C1894t" R632CY
katG-19 C945A S315R
katG-20° A(571—576)” A( 191W-192E)"
katG-21¢ G1624C? D542H°

“ katG-1 carrying a G1388T (R463L) neutral mutation was cloned from the
Inh® strain IMCJ 2751.

? These mutations have not previously been reported. Other mutations were
previously reported in references 36 (G1388T), 7 (A290G), 36 (G944C), 7
(G895A), 6 (G1255C), and 36 (C945A).

¢ This clone also had a G1388T neutral mutation.

2). As shown in Fig. S2 in the supplemental material, the LiPA
could detect all mutations found in this study.

DISCUSSION

The results of RFLP and sequence analysis in the present
study indicated that there are several predominant strains of
Inh™ M. tuberculosis with different genetic backgrounds in
Japan (see Fig. S1 and Table S1 in the supplemental mate-
rial). These strains had katG(G944C) (S315T), an inhA pro-
moter mutation, fabGI1(G609A4) (L203L), and furdA(C4IT)
(A14V) (see Table S1 in the supplemental material). Inh*

(kDa)

12 3 45667 8 51011121314
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isolates were reported to expand clonally in several regions,
including northwestern Russia (20), the Netherlands (30),
San Francisco, CA (13), Venezuela (2), and Sierra Leone
(15). These clonal Inh" strains had a KatG(S315T) or inhA
promoter mutation. Gagneux et al. (13) reported that the
strains carrying the KatG(S315T) or inhA promoter muta-
tion were more likely to spread than those carrying other
mutations; our results were consistent with these previous
findings. In addition, strains with fabGI1(G6094) (L203L)
and furA(C41T) (A14V) mutations were also more likely to
spread in Japan.

Of Inh" isolates, a smaller number (22%) had S315T/R
mutations in Japan (Table S1). The prevalences of the
KatG(S315T) mutation in M. tuberculosis strains from around
the world differ, especially with regard to the prevalence of
tuberculosis. In regions where the prevalence of tuberculosis is
low or intermediate, the mutation has been reported relatively
infrequently: it occurred in 26% to 30% of 95 isolates from
Singapore (16) and Madrid (23) and rarely in isolates from
Scotland (11) and Finland (19). In contrast, the S315T muta-
tion accounted for INH resistance in 52% to 64% of strains in
Africa (8, 14, 31), 79% in Peru (9), 91% in Russia (18), and
58% in New York, NY. (23).

We found four KatG mutations (D419H, M420T, D542H,
and R632C) that are associated with high-level INH resistance,
and we also found three KatG mutations (H97R, N133T, and
P232S) that are associated with low-level INH resistance (Ta-
ble 4). The S315 mutation is known to confer high-level INH
resistance (24, 26, 33). KatG is a functional homodimer, and
each monomer is composed of two domains that are mainly
a-helical. The N-terminal domain contains a heme binding
site, whereas the C-terminal domain lacks this feature (34).
The high-level INH resistance-associated mutations D419H
and M420T are located in the region connecting the N-termi-
nal and C-terminal domains (5). The interdomain interactions
between the N-terminal and C-terminal domains of the two
monomers are essential for forming the functional homodimer
(5). The changes in the interdomain interactions due to the
D419H and M420T mutations may result in loss of enzymatic
activities of KatG. D542H and R632C are located in the 16th

15 16 17 18 1920 21 22 23 24 25

100-
75-| =
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37-

25~

20~
15-

- s o - b
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FIG. 2. Western blot of whole-cell extracts from katG-deficient E. coli strain UM262 transformed with the empty vector, pTrcHis2-TOPO, or
recombinant plasmids expressing various KatG mutations as follows: lanes 1 and 15, WT; lanes 2 and 16, empty vector; lane 3, R463L and D542H;
lane 4, S315T and R463L; lane 5, Q127E and R463L; lane 6, P232S and R463L; lane 7, G123E, G299S, and R463L,; lane 8, frame shift mutation
from position 160; lane 9, S315T and D387H; lane 10, R463L and R489S; lane 11, S315R; lane 12, M420T and R463L; lane 13, A65A, M176T,
and R463L; lane 14, H97R and R463L; lane 17, A(191W-192E) and R463L; lane 18, N133T; lane 19, R463L,; lane 20, R463L and R632C; lane 21,
S315T; lane 22, D419H and R463L; lane 23, S383P and R463L; lane 24, frame shift mutation from position 124; lane 25, in-frame insertion and
deletion and R463L. The positions of molecular mass markers are shown on the left.

— 212 —

0102 '0Z 1udy U0 HIALNID OAH! IVSNMOM NSLIMNMOM INODN 1e Bio wise-oee woly papeojumoq



1798 ANDO ET AL.

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 4. Enzymatic activities of KatG mutants detected in this study

Amino acid mutation(s)

Mean activity = SD¥

Additional INH
Plasmid Not previously Previously INH oxidase Peroxidase Catalase mutation associated resistance
reported reported (10° Aggo units)  (10° Agqs units) (107 A,y unitsy  With INH resistance  level
pTrcHis2-TOPO® 4.84 = 0.17 6.89 = 0.70 0.00 + 0.24
pkatG-wt 177.16 + 18,50  286.08 = 043  142.26 = 0.16 S
pkatG-1 R463L 162.00 = 11.31 289.62 = 140 141.85+0.13 S
pkatG-2 QI27E R463L 60.18 = 0.05 25607+ 780 14321 %035 PrpramsC—15T 02
pkatG-3 P232S R463L 54.47 = 0.36 62.25 = 0.05 76.63 = 0.52 0.2
pkatG-4 N133T 40.67 = 6.31 36.00 =026 100.61 £5.55 0.2
pkatG-5 $383P R463L 3849 = 004 4224364 10765413  PrpgrauuC—15T 02
pkatG-6 KQT433-435QAD?  R463L 2002 %048 106472 117 142812 011  PrporanmgC—15T 02
pkatG-7 H97R, R463L 17.42 = 0.35 26.80 = 0.44 27.86 + 2.01 0.2
pkatG-8 R489S R463L 10.40 = 0.16 27.34 = 0.27 1483+ 093  PrprimaC—15T 0.2
pkatG-9 S315T 8.83 + (.04 102.00 £ 2.54 71.26 = 1.71 1.0
pkatG-10 M420T R463L 842 £ 0.14 21.02 = 0.37 46.45 + 0.20 1.0
pkatG-11 D387H S315T 7.93 +0.08 34,75 + 0.61 3571 £ 0.41 1.0
pkatG-12 G123E G299, R463L 687+ 066  602%0.17 —070+ 142  PaperimsT—8C 10
pkatG-13 D419H, R463L 6.30 + 0.52 7.67 + 0.01 4.49 + 0.39 1.0
pkatG-14 MI176T R463L 514001 4672007 106 *030 PuyorwaC-15T 10
pkatG-15 Frame shift’ 5.02 +0.24 4.01 =057 -1.75 = 1.16 1.0
pkatG-16 S315T, R463L 383 x0.18 84.41 = 0.17 117.07 = 7.56 1.0
pkatG-17 Frame shift® 3.30 + 0.69 4.59 + 0.09 207 = 1.51 1.0
pkatG-18 R632C R463L 326 = 0.13 1.56 = 0.08 —-7.41 = 0.76 1.0
pkatG-19 S315R 3.19 £ 0.76 324 £ 0.02 -2.36 £ 0.71 1.0
pkatG-20 A(191W-192E)I' R463L 2.78 = 0.09 2.09 = 0.04 2.61 £ 1.86 1.0
pkatG-21 D542H R463L 1.63 + 0.49 032 £0.17 ~7.00 = 0.69 1.0

“Mean (n = 3) + SD.

b The INH susceptibility levels for clinical isolates with katG mutations are shown, as follows: S, INH sensitive; 0.2, resistant to INH (0.2 pg/ml) and susceptible to

INH (1.0 pg/ml); and 1.0, resistant to INH (1.0 ng/ml).
< A vector control.
¢1297::C and A1305C.
¢ This isolate had an additional A65A silent mutation.
7 A(478-479).
£ A371G.
i A(571-576).

and 19th a-helices in the C-terminal domain, respectively, and
showed no enzymatic activities, although the functional role of
the C-terminal domain in KatG remains unclear (5, 34). The
mutations associated with low-level INH resistance, H97R,
N133T, and P232S, are located adjacent to the INH binding
pocket (5). They may weakly affect the binding affinity of INH.
The S315T mutation located at the INH binding pocket could
block binding of INH without interfering with catalysis (5).
The new LiPA was able to distinguish high-level INH resis-
tance (resistant to 1.0 pg/ml) from low-level INH resistance
(resistant to 0.2 pg/ml and sensitive to 1.0 pg/ml) in clinical
isolates without sequencing. Thus, we were able to determine
the degree of INH resistance using this LiPA. This assay would
be useful in clinical application in combination with culture-
based drug susceptibility tests. We have recently developed a
LiPA to detect a pncA mutation(s) for rapid detection of
pyrazinamide-resistant M. tuberculosis (29), which was shown
to be readily usable in clinical applications (1). The whole
procedure takes only 9 h, and the estimated cost per sample is
$35. The clinical trials for in vitro diagnosis are in progress
(from April 2009 to March 2010) in Japan. The trials will
reveal the specificity of the LiPA. It will be beneficial especially
in developing countries where the laboratories are scarcely
equipped because of the high cost of setting them up.
Assessment of INH oxidase activities of M. tuberculosis iso-
lates may provide useful information about INH resistance.
The INH oxidase activities of KatG mutants showed good

correlations with the degree of INH resistance (Table 4).
Other enzymatic activities of KatG mutants, i.e., peroxidase
and catalase activities, were also correlated with the degree of
INH resistance (Table 4). However, the activities of the S315T
mutant were not, i.e., this mutant showed catalase-peroxidase
activities but no INH oxidase activity (Table 4). Other S315
mutants, such as the S315R (Table 4) and S315N (32) mutants,
have lost all three kinds of enzymatic activity. Thus, the Inh’
isolates with KatG(S315T), retaining catalase-peroxidase ac-
tivities, may have a survival advantage, and this may explain the
global spread of strains with the KatG(S315T) mutation.
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Manstract

Thirty-six multidrug-resistant (MDR) Mycobacterium tuberculosis
isolates collected in Japan were examined for pyrazinamide sus-
ceptibility and pyrazinamidase activity, and analysed by pncA
sequencing and a hybridization-based line probe assay (LiPA),
which was used to detect pncA mutations for the rapid identifi-
cation of pyrazinamide-resistant isolates. Pyrazinamide resistance
was found in 19 (53%) of them. All pyrazinamide-resistant iso-
lates had no pyrazinamidase activity and at least one mutation in
pncA. Among the pncA mutations, |1 had not been previously
reported. The results of the LiIPA were fully consistent with the
DNA sequencing resuits. A majority of MDR M. tuberculosis iso-

lates in Japan were resistant to pyrazinamide.
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The emergence and spread of multidrug-resistant (MDR)
strains of Mycobacterium tuberculosis, which are defined as
strains resistant to both rifampin and isoniazid, constitute a
serious threat to the control of tuberculosis (TB) [1].

Pyrazinamide is a first-line anti-TB drug that exhibits
strong activity against semidormant bacilli sequestered within
macrophages, and is used in short-course treatment in com-
bination with rifampin, isoniazid, and ethambutol [2,3]. Pyra-
zinamide is also one of the most important drugs used in the
treatment of MDR TB. It is a prodrug that requires conver-
sion into its active form, pyrazinoic acid, by the bacterial
enzyme pyrazinamidase (PZase), which is encoded by pncA
[4-6]. Mutations in pncA lead to the loss of PZase activity
and constitute the mechanism of pyrazinamide resistance in
M. tuberculosis [5,7,8].

It is essential that rapid drug susceptibility testing (DST)
be developed to prevent the spread of MDR M. tuberculosis.
DST of M. tuberculosis produces reliable results for most
anti-TB drugs [9]. However, conventional DST for pyrazina-
mide is hampered by poor bacterial growth, because pyrazin-
amide requires acidic conditions to be active; therefore, DST
must be performed under such conditions [5]. Liquid cul-
ture-based methods have recently been developed to resolve
this problem [10].

Previously, we described a DNA sequencing-based
method for detecting mutations in the genome of drug-resis-
tant strains, including pyrazinamide-resistant M. tuberculosis
[!1]. However, the use of this method in ordinary-scale clini-
cal laboratories can present a problem because of its high
cost. Therefore, we developed a hybridization-based line
probe assay (LiPA) for the rapid detection of pncA mutations
in pyrazinamide-resistant M. tuberculosis that can easily be
used for clinical applications [12].

Thirty-six MDR M. tuberculosis isolates were collected dur-
ing the national surveillance study, from June to November
2002, by the Tuberculosis Research Committee (Ryoken),
Japan [13]. These isolates were obtained from patients with
TB in nine hospitals in Japan located in various regions: one in
Hokkaido, one in Tohoku, four in Kanto, two in Kinki and one
in Kyushu, M. tuberculosis strain H37Rv (ATCC 27294), which
is susceptible to pyrazinamide and positive for PZase, was used
as a positive control for the assay. Mycobacterium bovis
strain BCG (Japanese strain 172), which is resistant to pyrazin-
amide and negative for PZase, was used as a negative control.

Pyrazinamide susceptibility testing was performed with a
broth method (BD BACTEC MGIT 960; BD Biosciences,
Sparks, MD, USA) [9]. PZase activity was determined using
Woayne's method [14], with some modifications [2]. Rifampin
and isoniazid susceptibility testing were performed with an egg-
based Ogawa medium method. These assays were performed
in one institution (Japan Anti-Tuberculosis Association).

Nested PCR was performed to amplify a 670-bp fragment
that includes the entire pncA gene, as described previously
[12]. For DNA sequencing, only the second PCR was
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performed. DNA sequences of pncA and its promoter region
(nucleotides —80-572 relative to the initiation codon) were
determined as described previously [ 1] and compared with
those of H37Rv using GENETYX-MAC (Genetyx Corpora-
tion, Tokyo, Japan).

Forty-seven oligonucleotide probes designed to cover the
entire pncA gene of H37Rv were immobilized on two strips
and used for the LiPA (Table SI). The LiPA was conducted
as described previously [15]. Biotinylated PCR products from
test samples were hybridized to the immobilized probes, and
the strips were washed. The presence or absence of bands
on all strips was judged visually.

Of 36 clinical isolates of MDR M. tuberculosis tested with
the LiPA, 17 were wild type, and the other |9 showed at
least one mutation (Table | and Fig. |). As shown by the
data in Fig. |, the 17 wild-type isolates (lanes [-17) and
H37Rv (lane 37) hybridized to all probes. The other 19
did
(lanes 18-36). Regarding the pyrazinamide resistance pro-

isolates not hybridize to at least one probe

file, the LiPA yielded results that were [00% in agreement
with those obtained by culture-based susceptibility testing
(Table I). All PZase-positive bacilli tested were sensitive to
pyrazinamide, and all PZase-negative bacilli were resistant
to pyrazinamide (Table ). These data are consistent with
those of previously published reports [I1,12]. All of the 19
pyrazinamide-resistant isolates were correctly identified as
being pyrazinamide-resistant by the LiPA, and all of the 17
pyrazinamide-susceptible isolates were identified as being
pyrazinamide-susceptible.

The pncA genes of all isolates tested were sequenced
(Table 1). One or more pncA mutations were identified in
24 isolates, and 12 isolates had no mutation. Among the
24 isolates with pncA mutations, we found 20 different
mutations, of which |1 have not been previously reported.
Of these |l novel mutations, four were frameshift
mutations (A59, A(129-130), 261:AC, A(374-389)), five
were mutations causing an amino acid substitution
(G232A, A340G, G400T, G419A, G493A), one was a non-

TAELE 1. Identification of pncA mutations by line probe assay (LiPA) among 36 multidrug-resistant Mycobacterium tuberculosis

isolates
Mutation
Strain LiPA profile® Pyrazinamide susceptibility PZase activity Nucleotide change Amino acid change
2A-3-16 Wild type S + - -
2A-3-83 Wild type S + - -
2A-3-84 Wild type S + - -
2A-4-30 Wild type s + - -
2B-7-38 Wild type S + - -
2C-i-46 Wild type N + - -
2G-2-5 Wild type S + - -
21-11-4 Wild type S + - -
2P-5-113 Wild type S + - -
2P-5-280 Wild type S + - -
2P-5-420 Wild type S + - -
2R-1-48 Wild type S + - -
2C-3-89 Wild type S + G419A° RI40H
20-2-16 Wild type S + G419A° RI40H
2A-3-142 Wild type S + G419A°, G493A° RI40H, A165T
2P.5.269 Wild type S + G419A°, G493A" RI40H, A165T
2C-4-48 Wild type s + G419A°, C450A°, G493A° RI40H, GI50G, A165T
2A-3-F1 Al6 R - TI75C S59P
2A-3-14 A7, A20, A21 R - AS9®, G232A° Frameshift, G785
2A-3-137 Al3, Al4 R - CIS3A, G493A° H51Q, Al6ST
2B-7-33 AlS R - CleélT P54L
2C-3-105 A33 R Ad10C HI37P
2E-1-3 Al, A28 R - T-7C, A340G® TI4A
2E-1-93 Al, A28 R - T-7C, A340G® THI4A
20-4-41 A2 R - C8A A3E
2P-1-57 Al2 R - A(129-130)", G493A° Frameshift, A165T
2p-1-114 A23 R - 261:AC" Frameshift
2p-1-118 AlO R - TI00G Y34D
2P-1-120 A4 R - T26G V9G
2P-5-58 A2 R - CBA, G419A° A3E, RI40H
2P-5-108 A23 R - 261:AC Frameshift
2P-5-167 AlO R - TI100G Y34D
2P.5.230 AlO R - Clo2A° Y34¢
2P-5.233 A2 R - C8A A3E
2P-5-254 Alo R - T100G, G400T® Y34D, Al34S
2V-5-5 A3L, A2 R - A(374-389)° Frameshift

°A indicates a negative signal at a probe.
®Mutation not previously reported.
“Ochre mutation.
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sense mutation (Cl102A), and one was a silent mutation
(CA450A) (Table 1). The G419A and G493A mutations are
not associated with pyrazinamide resistance, because the
isolates with these mutations were pyrazinamide-sensitive.
It is unknown whether G232A, A340G and G400T are
associated with pyrazinamide resistance, because isolates
with these mutations had an additional mutation in pncA
that conferred pyrazinamide resistance. As shown in
Table |, the isolate with the CI02A mutation (strain 2P-5-
230) was resistant to pyrazinamide and exhibited no PZase
activity. The Cl102A mutation changed the 34th amino acid
of PZase into a stop codon, suggesting that the CIl02A
mutation is associated with pyrazinamide resistance. The
results of the LiIPA were fully consistent with the DNA
sequencing results (Table 1). The LiPA correctly identified
pyrazinamide susceptibility and resistance in all strains in
which a mutation occurred.

We found that 53% of MDR M. tuberculosis isolates (19
of 36) obtained in Japan were resistant to pyrazinamide.
Although the number of MDR isolates detected in this
study was small, the results suggest that the majority of
MDR M. tuberculosis isolates in Japan are resistant to
pyrazinamide. Mphahlele et al. [16] reported that 52% of
South African MDR M. tuberculosis isolates are resistant to
PZA. Thus, a majority of MDR M. tuberculosis isolates in
other countries may also be resistant to pyrazinamide.
Clinical trials of the LiPA for in vitro diagnosis in Japan
started in April 2009.
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