FQ resistance in MDR M. tuberculosis

Table 2. Locations of oligonucleotide probes designed to cover M. tuberculosis gyrA

Probe Amino acid region detected by each probe Nucleotide sequence*

S1 88—92 GATCGACGCGTCGCC

S2 92-97 CACCAGGSTGTCGTAGAT
R1 A90V mutation GATCGACACGTCGCC

R2 D94G mutation CACCAGGCTGCCGTAGAT
R3 D94A mutation CACCAGGCTGGCGTAGAT
R4 D94G-S95T mutations CACCAGGGTGCCGTAGAT
R5 D94A-895T mutations CACCAGGGTGGCGTAGAT

*S represents C or G; bold letters indicate mutations.

had an A90V mutation, 8 were positive for R4 (D94G
mutation) and 9 were positive for R5 (D94A mutation).
However, one isolate, NCGM2803, with AS2 was negative
for R1-R5 indicating that the LiPA could not identify a
mutation associated with FQ resistance. As shown in Table
1, the DNA sequencing data were fully consistent with
results obtained by culture-based susceptibility testing. The
FQ-resistant NCGM2803 isolate had a mutation of g280t
(D94Y). In addition, it was reported that FQ-resistant
isolates had mutations in gyrB but not in gyrA (Aubry et al.,
2006). Therefore, the present LiPA will be improved to
detect the mutations.

The number of the MDR isolates used in this study is
enough to allow estimation of the rate of FQ resistance in
Japan. We tested 33 of 60 MDR isolates collected in the
national surveillance study. JATA reported that there were
11933 cases positive for sputum smear in Japan in 2002
(www.jata-org.jp). Whereas, 3122 isolates were collected
for 6 months in 2002 during the national surveillance study
(TRC, 2007). It is estimated that the number of isolates
collected in the study covered more than 50% of cases
positive for sputum smear. Of the 3122 isolates, 60 isolates
were reported to be MDR (TRC, 2007).

Occasional monitoring of the drug susceptibility of
patients with MDR TB before and during chemotherapy
is essential as MDR isolates can easily acquire resistance to
additional antituberculosis drugs. We reported previously
that more than 50 % of MDR isolates have already acquired
PZA resistance (Ando et al., 2010). In the present study, we
found that nearly half of our Japanese MDR M. tuberculosis
isolates were resistant to FQ. However, little information is
available regarding resistance to other second-line drugs,
and it will be necessary in future to monitor susceptibility
to these drugs.

We strongly suggest that FQ susceptibility needs to be
monitored as soon as patients are diagnosed with TB,
because FQs are widely used for the treatment of bacterial
infections. A population of patients with TB who received
FQ treatment have been reported by Wang et al. (2006).
Some other TB patients were initially treated as having
community-acquired pneumonia and were administered
FQs (Yoon et al., 2005). We could not obtain information

about the TB patients whose isolates were tested in the
present study, especially about their previous treatments
with antituberculosis drugs, including FQs. Nevertheless, it
is very likely that these patients received FQs. In Japan, FQs
were used for patients with TB, especially MDR TB, before
2008 but LVFX, MFLX, GFLX, SPFX and CPEFX were not
officially recommended as antituberculosis drugs by the
" Japanese Society for Tuberculosis until 2008.

It is also necessary to develop a rapid and inexpensive
diagnostic method to determine the drug susceptibility of
M. tuberculosis. The whole procedure of the LiPA described
here takes only 9 h, and the estimated cost per sample is £22
(US $35). A DNA sequencing-based method (Sekiguchi
et al, 2007a) is also rapid, but is more expensive than the
LiPA. Therefore, the LiPA is suitable for this purpose.
Clinical trials for in vitro diagnosis including non-MDR TB
are in progress in Japan.
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Summary

Isoniazid (INH) is a key agent in the treatment of
tuberculosis. In Mycobacterium tuberculosis, INH is
converted to its active form by KatG, a catalase-
peroxidase, and attacks InhA, which is essential for
the synthesis of mycolic acids. We sequenced furA—
katG and fabG1-inhA in 108 INH-resistant (INH") and
51 INH-susceptible (INH®) isolates, and found three
mutations in the furA—katG intergenic region (Int¢72,
Int*% and Int¥'?) in four of 108 INH' isolates (4%), and
the furA°*'t mutation with an amino acid substitution
in 18 INH" isolates (17%). These mutations were not
found in any of 51 INH® isolates tested. We recon-
structed these mutations in isogenic strains to deter-
mine whether they conferred INH resistance. We
found that the Int%72, Int*' and Int%'?* single muta-
tions in the furA-katG intergenic region decreased
katG expression and conferred INH resistance. In
contrast, the furA®" mutation was not sufficient to
confer INH resistance. These results suggested that
downregulation of katG is a mechanism of INH resis-
tance in M. tuberculosis and that mutations in the
furA-katG intergenic region play a role in this resis-
tance mechanism.

Introduction

Isoniazid (INH) is one of the most effective and specific
antituberculosis drugs, which has been a key to treat-
ment since its introduction in 1952 (Bernstein et al.,
1952). However, the continued utility of INH is being
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jeopardized by the emergence of INH-resistant (INH)
and multidrug-resistant Mycobacterium tuberculosis
(Espinal etal., 2001). Furthermore, INH resistance is
often the first type of resistance that occurs on the
way to multidrug resistance (Caminero, 2010). Thus,
there is considerable interest in determining the molecu-
lar basis of INH resistance in clinical M. tuberculosis
isolates.

INH enters the mycobacterial cell by passive diffusion
(Bardou et al., 1998). INH is a prodrug that is activated
by the mycobacterial enzyme KatG (Zhang et al., 1992).
Although mutations in katG have been shown to be
responsible for INH resistance (Zhang and Telenti,
2000), it is not clear whether the regulation of katG
expression plays a role in INH resistance. The katG
gene encodes a bifunctional catalase-peroxidase that
converts INH to its active form (Zhang et al., 1992). Acti-
vated INH inhibits the synthesis of essential mycolic
acids by inactivating the NADH-dependent enoyl-acyl
carrier protein reductase encoded by inhA (Banerjee
et al., 1994; Vilcheze et al., 2006). We have developed a
DNA sequencing-based method to detect mutations in
eight genome regions associated with drug resistance in
M. tuberculosis, including katG (Sekiguchi et al., 2007).
This led to the identification of 18 novel katG mutations,
which caused loss of catalase and INH oxidation
activities (Sekiguchi etal, 2007; Ando etal., 2010).
However, no mutations in katG were found during
screening of a significant population of INH" M. tubercu-
losis isolates.

We describe here the identification of three novel
mutations in the furA-katG intergenic region, which are
associated with INH resistance in M. tuberculosis. To our
knowledge, no previous reports have identified muta-
tions in the furA—katG intergenic region related to INH
resistance in M. tuberculosis. A polypurine sequence in
the furA—katG intergenic region complementary to 16S
rRNA has been found to act as the katG ribosome
binding site (Sala etal, 2008). Mutations altering
complementarity to 16S rRNA decreased the level of
transcription (Sala etal, 2008). We found that single
mutations in these polypurine sequences decreased
katG expression and conferred INH resistance in M.
tuberculosis.
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Results
Genetic mutations in INH" isolates

We sequenced furA-katG and fabG1—-inhA in 108 INH-
resistant (INH") and 51 INH-susceptible (INH®) isolates.
The details of the results for all INH" isolates have been
reported previously (Ando et al, 2010). These regions
included katG, the upstream region of fabG1—inhA (Pimna),
and inhA, which are responsible for INH resistance
(Zhang and Telenti, 2000). We found three mutations in
the furA—katG intergenic region (Ints72, Int>'% and Inte'2)
in four (4%) of the 108 INH' isolates, a furA " mutation
with an amino acid substitution in 18 INH" isolates (17%),
and a furA®% mutation with a frameshift in one INH'
isolate (1%) (Table 1). None of these mutations was found
in any of the 51 INH?® isolates tested (data not shown). In
addition, we sequenced ndh, ahpC and kasA—kasB in all
the INH" isolates tested. Mutations in ndh (Zhang and
Telenti, 2000; Lee et al., 2001), ahpC (Zhang and Telenti,
2000) and kasA (Lee etal, 1999; Zhang and Telenti,
2000) have been found in INH" clinical isolates of
M. tuberculosis. Mutations in ndh have been found to
mediate INH resistance by increasing NADH cellular
concentration in mycobacteria (Vilcheze etal, 2005),
whereas the roles of ahpC and kasA in INH resistance
have not yet been determined (Zhang and Telenti, 2000).
Of the four isolates containing mutations in the furA—katG
intergenic region (Int¥72, Int*'% and Int¥'2), the isolate
with the Int9'2@ mutation also had a mutation in the Pimna
(Pinna®'®) (Table 1). Of the 18 isolates containing the
furA®*'t mutation, seven had no other mutation, six had a
Pira ' mutation, one had a katG9'6%* mutation and
a mutation in the region upstream of ahpC, three had a
katG 9% mutation, and one had katG?®**% and fabG19%
mutations. The isolate with the furA*3* mutation also had
three other mutations, katG9%83, katG9%%2 and P4 ‘8.
Two drug-susceptible control strains, H37Rv and
NCGM2898, had no mutation (Table 1). An INH' strain of
NCGM2828 had the Pinna®'™ mutation. An INH" strain
of NCGM2836 had a large-scale deletion of furA-katG, as
described previously (Ando etal, 2010). All isolates
tested except H37Rv had a g1388t mutation in katG,
which is a neutral mutation that is not associated with INH
resistance (Zhang and Telenti, 2000).

1S6110-probed restriction fragment length polymorphism
(RFLP) analysis of isolates harbouring mutations in the
furA—katG intergenic region or furA

The results of 1S6710-probed fingerprinting of the 159
isolates, the 108 INH" isolates and the 51 INH® isolates,
are shown in Fig. S1. Mutations in the furA—katG inter-
genic region and furA are also shown in Fig. S1. Six
clusters were detected by restriction fragment length poly-

morphism (RFLP) analysis, with 85 INH" isolates (60%)
belonging to these clusters. Of the four isolates with muta-
tions in the furA—katG intergenic region, one belonged to
cluster I, one to cluster IV, and the remaining two did not
belong to any cluster. Among the 18 isolates with furA ",
12 (67%) belonged to cluster Il, and the remaining six did
not belong to any cluster. Of the 12 isolates belonging to
cluster 11, five (NCGM2806, 2807, 2833, 2853 and 2945)
had another mutation, Pina®'®; four (NCGM2823, 2829,
2846 and 2881) had a katG mutation; and three
(NCGM2790, 2812 and 2821) did not have any other
mutation (Table 1). These findings suggest that the major-
ity of INH" isolates expanded in a clonal manner in Japan.
The isolates with Int372, Int*'% and Int9'22 expanded spo-
radically in Japan; about two-thirds of the isolates with
furA°'t mutations expanded clonally, while the others did
so sporadically.

Construction of isogenic strains with Int978, Int-1%,
Int'22 and furA "

The NCGM2836 strain was resistant to INH (1.0 ug mi™)
and had deletions of furA and katG (Ando et al., 2010).
This strain had a deletion of 5603 bp, extending from
position 2 152 072 to 2 157 675 of the H37Rv sequence.
This was predicted to result in the complete loss of furA,
katG, and the adjacent genes rv1906c, rvi907c and
rv1910c, as well as the disruption of aao and IppC
(Fig. 1A).

We assembled a series of constructs to complement
the A(furA-katG) mutant strain NCGM2836 with
pMV306 (Fig. 1B and C), by site-specific integration into
the chromosomal attB site (Stover etal., 1991; Kong
and Kunimoto, 1995). The constructs had no furA-katG
(NCGM2836/Vector); or furA-katG harbouring no muta-
tion (NCGM2836/WT), furA®*" (NCGM2836/furA®"),
Ints7@ (NCGM2836/Int972), Int*'% (NCGM2836/Int>1%) or
Inte122 (NCGM2836/Int9122).

Reduced katG expression in the complemented strains
with a mutation in the furA—katG intergenic region

We found that H37Rv expressed KatG, whereas the
A(furA—katG) mutants NCGM2836 and NCGM2836/
Vector did not (Fig. 2A). NCGM2836/WT and NCGM2836/
furA®"t expressed KatG at levels similar to that of H37Ry,
whereas NCGM2836/Int¥® and NCGM2836/Int>'%
expressed KatG at levels 17% and 19%, respectively, that
of NCGM2836/WT. The strain NCGM2836/Int%'? pro-
duced KatG, but its expression level was slightly lower
(66%) than that of NCGM2836/WT.

The INH oxidase activities of these strains were corre-
lated with their levels of KatG expression (Fig. 2B).
H37Rv showed INH oxidase activity, while NCGM2836

© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 79, 1615—1628
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A rv1904 rv1906c rv1910c
rvl903 aao rvl907c katG furA
2152072 2157675
| |
...CABCCRECCACACRICERRL. . ...CCBCRICEpRRtcatcgacy. ..
L |

...CAgCCRECCRCATCERRRTCAtCRac. .

B AlfurA-katG)

NCGM2836::(furA-katG) l

IppC  fadBS rv1913
4.

Fig. 1. A. Maps of the deleted regions
adjacent to furA—katG in INH" M. tuberculosis
strain NCGM2836. Bold arrows indicate the
open reading frames annotated in the H37Rv
genome sequence (http:/tuberculist.epfl.ch/).
The grey bold arrows correspond to the
deleted regions, with the end sequences and
H37Rv genome co-ordinates given below.
Underlined sequences are possible substrates
for recombination.

B. Schematic representation of the
construction of complementary strains. An
integration-proficient vector pMV306
containing furA—katG with the Inte7, Int*'%,
Inte'2 or furA®*" mutation was used to
transform NCGM2836. Site-specific
integration between aitB and aftP sites
generated complementary isogenic strains.
C. The complementary isogenic strains were
examined for the correct chromosomal
structures by PCR using locus-specific
primers (glyV-20-F/lipP+20-R). M, size marker.

furA  katG

=]
2l

primer lipP+20-R »>

C AlfurA-katG)/pMV306

L1
E £
5 6

and NCGM2836/Vector did not. NCGM2836/WT and
NCGM2836/furA%" showed similar levels of activity as
H37Rv, whereas NCGM2836/Ints™, NCGM2836/Int>'%
and NCGM2836/Inte'?2 showed significantly lower levels
of activity than NCGM2836/WT.

These experiments using complementary strains dem-
onstrated that the mutations Int972, Int?'% and Int¢"'? were
associated with reductions in KatG expression and INH
oxidase activities, but that the furA®'" mutation was not.

INH susceptibility of the complementary strains

The  complementary  strains NCGM2836/Int972,
NCGM2836/Int='® and NCGM2836/Int%'22 showed low

glyV (tRNASY)

. ‘— 3260 bp —j -
8540 bp

( primer glyV-20-F

levels of INH resistance (Fig. 3). NCGM2836/WT was
resistant to 0.05 ug ml~! but susceptible to 0.1 pg mi~" INH,
whereas NCGM2836/Vector was resistant to 1.0 ug mi™
INH. NCGM2836/furA*" showed the same INH suscepti-
bility as NCGM2836/WT, being resistantto 0.05 ug ml~ but
susceptible to 0.1 pug mi™' INH. NCGM2836/Int¥’? and
NCGM2836/Int>"% were resistant to 0.2 pg mi™' but sus-
ceptible to 0.4 ug mi~' INH, whereas NCGM2836/Inte'22
was resistant to 0.1 pg mi~! but susceptible to 0.15 pg mi™*
INH.

Three other INH susceptibility tests showed similar
results (Table 2). The three complementary strains with
mutations in the furA—katG intergenic region showed
low levels of INH resistance. NCGM2836/Int®7® and

© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 79, 1615-1628
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Fig. 2. KatG expression of complementary

T AlfurA-katG)/pMV306 : Y g !
B————— strains with mutations in furA—katG.
A Z2¥ 5 fao44 A. KatG and HSP70 expression were
5SS 8 5 Tz analysed in complementary strains by
i T 2RSS = SDS-5%—20%-gradient-PAGE and Western
M 1234567 8 20 1 blotting. The intensity of KatG was normalized
150 | - Z relative to HSP70. This experiment was
100§ < . KatG 2R 15 A repeated three times with similar results. M,
T T SO NS 2 & size marker.
! HSP70 =Z ] B. INH oxidase activity of KatG in
50 W = ——— —_ vy L0 ;
L 22 complementary strains. Each transformant
37| - o 2 | was incubated in triplicate, and INH oxidase
T g = 05 activity was measured. Data are shown as the
o
25 | @ means + SD (*P<0.01).
20 | = 3 0.0 -
15 | ’
10 |- 12345678
40
z_ ]
£ _
& 30 *
O H
2 2 20 x %
o <
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88 104
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Fig. 3. INH susceptibility of complementary
strains. M. tuberculosis strains were streaked
on plates containing increasing concentrations
g-12¢ of INH as indicated. The plates were
incubated at 37°C for 2 weeks. Two clones of
transformants were obtained by picking
colonies in each complementary strain. INH
susceptibility testing was performed twice

using different clones. The same MICs were

NCGM2836/pMV306  Without INH INH (0.05 pg mi) INH (0.1 pg mi) obtained in the two experiments.

Vector
Int

INH (0.15 pg mlY) INH (0.2 pg ml) INH (0.3 pg mi?) INH (0.4 pg ml?)

INH (0.5 pg mi?) INH (1.0 ug ml?)
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Table 2. INH susceptibility of M. tuberculosis strain NCGM2836 A(furA-katG) transformants.

Proportion method

Dilution method [MIC (g mi™)]

Genotype 7H10 agar® Egg-based Ogawa medium®

~ Strain furA Int katG 0.2 1.0° 0.2' 1.0 7H10 agar® 7H9 broth®
H37Rv wt wt wt S S S S 0.05 0.125
A(furA-katG)/Vector Deletion R R R R >1.0 >32
A(furA—katG)WT wt wt wt ] S S S 0.1 0.125
A(furA-katG)/furA*" c4lt wt wit S S S S 0.1 0.25
A(furA—katG)/Intv ™ wt g-7a wt R S R S 0.4 2.0
A(furA—katG)/Int>1% wt a-10c wt R S R S 0.4 2.0
A(furA-katG)/Inte-'2 wt g-12a wt S S S S 0.15 0.5

a. An agar proportion method using Middlebrook 7H10 agar medium recommended by Clinical and Laboratory Standards Institute. The

susceptibility testing was performed twice with the same resuits.

b. A proportion method using egg-based Ogawa medium modified by WHO protocol and recommended by the Japanese Society of Tuberculosis.

The susceptibility testing was performed twice with the same results.

c. A dilution method using Middlebrook 7H10 agar medium. The susceptibility testing was performed twice with the same results.
d. A microdilution method using Middlebrook 7H9 broth medium. The susceptibility testing was performed:twice with the same results.

e. Int: intergenic region.

f. 0.2: resistant to INH (0.2 pg mi") and susceptible to INH (1.0 pg mi).

g. 1.0: resistant to INH (1.0 ug mf™).

NCGM2836/Int='*  were more resistant  than
NCGM2836/Inte'22, H37Rv and NCGM2836/WT were
susceptible to INH, whereas NCGM2836/Vector was
resistant. NCGM2836/furA®*"t was susceptible to INH
(0.2 ugml") by proportion methods, with MICs of
0.1 pg mi~' as determined by the 7H10 agar dilution
method and 0.25ugml~ as determined by the 7H9
broth dilution method. Although furA®' showed twofold
higher INH resistance than NCGM2836/WT by the 7H9
broth dilution method, this difference was not significant
relative to the error associated with this type of experi-
ment. NCGM2836/Int7 and NCGM2836/Int*'* had
identical INH susceptibility profiles, i.e. they were resis-
tant to INH (0.2 ug ml™') and their MICs were 0.4 and
2.0 ug mli-' respectively. NCGM2836/Int¥'* was suscep-
tible to INH (0.2pugmi'), with MICs of 0.15 and
0.5 ug mi~' respectively. These data indicated that
Ints72 and Int*'% mutations confer resistance to INH
(0.2 pg mi-*) and that the Int"'? mutation causes a slight
decrease in INH susceptibility.

Regulation of katG expression by the furA-katG
intergenic region

A polypurine sequence (GGAAGGAA) was identified in
the furA—katG intergenic region, which is complementary
to the 3’ end of the 16S rRNA sequence in M. tuberculosis
(Fig. 4A) (Sala et al., 2008). All three mutations in the
intergenic region identified in INH" clinical isolates, i.e.
Ints7a, Inta1% and Inte'?2, were located within this polypu-
rine sequence (Fig. 4A). A reporter assay using furA—
katG'—'lacZ gene fusions (Fig. 4B) showed that these
mutations  significantly repressed lacZ expression

(Fig. 4C and D). These results suggested that the inter-
genic region plays a critical role in katG expression and
that these mutations are responsible for INH resistance by
decreasing katG expression.

Reduced katG expression in INH' clinical isolates with a
mutation in the furA—katG intergenic region

The four clinical isolates with mutations in the furA—katG
intergenic region (Table 1) were tested for their levels of
katG expression by Western blotting (Fig. 5A) and KatG
activity by INH oxidation assays (Fig. 5B). The INH'
A(furA-katG) mutant NCGM2836 did not produce katG,
whereas H37Rv, INH® NCGM2898 and INH" NCGM2828
with Pima®'® expressed katG at similar levels. The iso-
lates containing the Int¥72 (NCGM2874 and NCGM2875)
and Int=1% (NCGM2930) mutations expressed little katG.
An isolate with Int¥'22 (NCGM2934) expressed katG, but
at a level lower than that of INH® controls (68% of
H37Rv and 76% of INHs NCGM2898). The levels of INH
oxidase activites were correlated with those of katG
expression (Fig. 5B). Four isolates with Ints7, Int*'%
and Inte"'22 mutations showed significantly lower levels of
INH oxidase activity than the two INH® controls and
the one INH' isclate with the Pina®'t mutation; these
levels were 21%, 21%, 29% and 57%, respectively,
when compared to H37Rv (Fig. 5B). These results sug-
gested that these mutations in the furA—katG intergenic
region decrease the levels of katG expression and INH
oxidase activity. Reduced katG expression is not a
general feature of INH' isolates, because an INH'
NCGM2828 with Pina®'® expressed katG at similar
levels to INH® isolates.

© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 79, 1615-1628
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Fig. 4. B-Galactosidase activity of the
furA—katG'—'lacZ fused gene carrying the
Inte72, Int" or Int*'? mutation.

A. Complementarities between the 3" end of
16S rRNA and the polypurine sequence in the
furA-katG intergenic region. The polypurine
sequence is shown in bold and the
translational initiation codon of katG is boxed.
B. Schematic representation of the
construction of furA—katG'—'lacZ gene fusion.
A fragment from 138 bp upstream of the first
nucleotide of furA to the 99th base of katG
with Ints72, Int'% or Int®'?® mutation was
fused to the lacZ gene. pJEM13-derived
vectors were used to transform the
NCGM2836 A(furA—katG) strain.

C. B-Galactosidase activity was monitored by
streaking strains on 7H10 plates containing
X-gal. The plates were incubated at 37°C for
2 weeks. Two clones of transformants were
obtained by picking colonies in each strain.
Duplicate experiments with different clones
yielded similar results.

D. Quantitative B-galactosidase assay. Each
transformant was incubated in triplicate, and
B-galactosidase activity was measured. Data
are shown as the means = SD (*P<0.01).

Fig. 5. KatG expression of clinical isolates
with Int972, Int='% or Int%'2® mutation.

A. KatG and HSP70 expression in clinical
isolates were analysed by
SDS-5%—20%-gradient-PAGE and Western
blotting. The intensity of KatG was normalized
relative to HSP70. This experiment was
repeated twice with similar results. M, size
marker.

B. INH oxidase activity of KatG in clinical
isolates. Each transformant was incubated in
triplicate, and INH oxidase activity was
measured. Data are shown as the

means = SD (*P<0.01).
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Reduced katG expression in INH clinical isolates with
furA ¢#" mutation

We also tested 18 clinical isolates with furA 't mutation
and the one clinical isolate with a frameshift of furA
(furA%3%) (Table 1) for their levels of katG expression by
Western blotting (Fig. 6A) and for KatG activity by INH
oxidation assays (Fig. 6B). The INH" A(furA—katG) mutant
did not produce katG. H37Ryv, INH®* NCGM2898 and INH"
NCGM2828 with Pima &' expressed katG at similar levels.
All 18 INH" isolates with furA®*'* tested produced smaller
quantities of KatG than did the INH® isolates and the INH'
isolates with Pisa®'™, whereas the furA** mutant pro-
duced similar amounts of KatG as those of INH® isolates
(Fig. 6A). Quantification of these findings showed that the
levels of KatG production in INH" isolates with furd®"
were 20-48% those of H37Rv and 23-55% those of
NCGM2898. All of the clinical isolates with furA®' without
katG mutations showed significantly lower levels of INH

oxidase activity than did the two INHs controls and the one
INH" isolate with Pina '™, but these levels were only
64-87% those of the INH® controls (Fig. 6B). Four of the
five isolates with furA®' and katG mutations showed no
INH oxidase activity, whereas the fourth, NCGM2881, had
significantly lower activity, corresponding to 28% of the
activity in INH® controls (Fig. 6B). The furA 3 mutant with
two katG mutations (Table 1) did not show any INH
oxidase activity (Fig. 6B).

FurA*™" binding to the region upstream of furA—katG

FurA is a negative transcriptional regulator of the furA—
katG gene (Zahrt etal., 2001). In addition, FurA may
regulate other genes involved in pathogenesis (Pym
etal., 2001). In Pseudomonas aeruginosa Fur (PaFur),
the loop between the N-terminal helices H1 and H2 is
thought to be involved in DNA recognition (Pohl et al.,

Fig. 6. KatG expression of clinical isolates

3 with the furA®*" mutation.
< A. KatG and HSP70 expression in clinical
S
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isolates were analysed by
SDS-5%—20%-gradient-PAGE and Western
blotting. Relative intensity of KatG was
KatG normalized against HSP70. This experiment
was repeated twice with similar results. M,
size marker.
B. INH oxidase activity of KatG in clinical
isolates. Each transformant was incubated in
triplicate, and INH oxidase activity was
measured. Data are shown as the
means = SD (*P < 0.05, **P<0.01).
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Fig. 7. Binding of FurA*" to the Prsa.

A. Sequence alignment of FurA (MtFurA) and a ferric uptake regulator of P. aeruginosa (PaFur). Secondary structures of MtFurA and PaFur
are shown above and below the alignment respectively. Conserved residues are highlighted in black, and residues with highly conservative
substitutions are boxed. The asterisk indicates the amino acid residue at the 14th position in MtFurA that was found to be mutated to valine in

this study.

B. Effects of H,O» on the binding of FurA*'*V, Purified FurA or FurA** was mixed with DNA fragments and analysed by electrophoresis on
7.5% polyacrylamide gels, which were stained with ethidium bromide. This experiment was repeated three times with similar results.

C. Purified FurA or FurA*"¥ was incubated with H-O2 at various concentrations for 10 min, mixed with DNA fragments and analysed by
electrophoresis. This experiment was repeated three times with similar results.

2003). PaFur*'°® mutant fails to protect the pvaS promoter
region (Barton et al., 1996), suggesting that residue Ala-
10, located at the C-terminal end of the helix H1, is critical
for DNA recognition. As shown by the structure-based
alignment (Fig. 7A), the A14V mutation in M. tuberculosis
FurA (MtFurA) was located at the C-terminal end of helix
H1. We therefore performed electrophoretic mobility shift
assays (EMSA) to determine whether the FurA*'*Y mutant
affects DNA binding ability (Fig. 7B). EMSA showed that
FurA*'%V as well as FurA bound to the upstream region of
the furA—katG (Pr.4) in a specific, protein dose-dependent
manner.

Treatment of FurA with hydrogen peroxide (H20.) has
been reported to inhibit its binding to Pu4 (Sala etal.,
2003). Since H,0. treatment may remove iron from the
FurA and/or oxidize cysteine residues, we assessed
whether Ho0, treatment of FurA*'*V affects DNA binding
(Fig. 7C). Treatment of FurA and FurA*'*Y with H,O, inhib-
ited the binding of Py in a H20. dose-dependent manner.
H20, had similar effects on binding of P to FurA and
FurAAY,

Since the binding of FurA to Puns has been reported
strong in the presence of Ni? ions (Sala et al., 2003), we
assessed whether its binding to FurA and FurA*'*V dif-

© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 79, 1615-1628
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fered in the presence or absence of Ni2", Mn?" or Zn?'. We
found that Ni%*, Mn?* and Zn?" did not affect the binding
pattern of Py to FurA and FurA®® (Fig. §2). in the
presence of Ni#*, almost all the Py« added to the binding
buffer bound to FurA (Fig. S2). In the absence of Ni#* or in
the presence of Mn?* or Zn*, however, the binding of FurA
to Puwa was incomplete (Fig. S2). Similar results were
observed when we assessed the binding of Pua 10
FurA*™*Y (Fig. S2).

Discussion

To our knowledge, this is the first report showing that
downregulation of katG expression causes INH resis-
tance in clinical isolates of M. tuberculosis. These isolates
had mutations in the furA—katG intergenic region. We
constructed these mutations in isogenic strains and dem-
onstrated that mutations in the furA—katG intergenic
region (g-7a, a-10c and g-12a) are associated with INH
resistance. The mechanism responsible for this down-
regulation involves a decrease in translational efficiency
caused by base substitution in the furA-katG intergenic
region. The polypurine sequence (GGAAGGAA), comple-
menting the 3’ end of the 16S rRNA sequence, in the
furA—katG intergenic region may act as a ribosome
binding site in M. tuberculosis (Sala et al., 2008). Int*'%
had an A to C mutation at the third nucleotide, and Int¢7
had a G to A mutation at the sixth nuclectide of the
polypurine sequence (Fig. 4A). We found that these muta-
tions in the polypurine sequence play a critical role in katG
expression and showed that the mutations are respon-
sible for INH resistance by decreasing kafG expression
(Figs 2—4). In the polypurine sequence, A at the third
nucleotide and G at the sixth nucleotide are especially
important for katG expression. Using reporter assays, we
found that these two mutations significantly repressed
lacZ expression to 48% and 38%, respectively, of that in
the wild-type control. Similar facZ repression was
observed when the polypurine sequence was completely
substituted with a polypyrimidine sequence (CCTC-
CCTC), suggesting that the polypurine sequence is nec-
essary for the full expression of katG (Sala et al., 2008).
The ints7® and Int*'® mutations conferred resistance to
INH (0.2 ug mi') and the Int%'?® mutation caused a slight
decrease in INH susceptibility. We confirmed that the
A(furA—katG) mutant, with no katG production and no iNH
oxidase activity, was highly resistant to INH. In contrast,
the isogenic strains with Int¥7 and Int*'* had low but
detectable production and activity, with low-level resis-
tance to INH. The levels of katG, and probably the levels
of INH activated by katG, may therefore correlate with the
levels of INH susceptibility.

It is unclear whether the furA " mutation is associated
with INH resistance. Of the 18 INH' clinical isolates with

furA®" mutations, seven had no other mutations, sug-
gesting an association between the mutation and INH
resistance. A role of FurA in INH resistance was sug-
gested, and two strains carrying FurA“$® or FurA®7
mutations were reported previously (Pym etal, 2001).
These isolates had additional mutations in katG. There-
fore, the involvement of these both FurA mutants in katG
expression and INH resistance is unclear. We found that
the results of drug susceptibility testing with complemen-
tary strains differed from those with the clinical isolates,
and EMSA showed no differences in the binding patterns
of FurA and FurA*'%V suggesting that this mutation is not
associated with INH resistance. One explanation for the
discrepancy is that these clinical isolates may have an
unknown additional mutation(s) associated with INH
resistance. RFLP analysis showed that 67% of the INH'
isolates carrying furA¥'' belonged to cluster il, suggesting
that these isolates expanded in a clonal manner. There-
fore, these INH" isolates carrying furA*" may have
unknown mutation(s). Alternatively, furA®" may be asso-
ciated with INH resistance, but the effect of the mutation
may be observed in clinical isolates but not in comple-
mentary strains. Similar discrepancies between the drug
MICs of clinical isolates and the complementary strains
were reported in ethambutol-resistant clinical isolates and
laboratory mutants harbouring an embB mutation (Safi
etal., 2010).

We found that FurA will not function as a negative
regulator in M. tuberculosis under some culture
conditions. For example, FurA did not effectively repress
katG expression when M. tuberculosis isolates were cul-
tured in MycoBroth (modified Middlebrook 7H9-ADC) for 2
weeks, since the furA*¢ mutant, which did not produce
functional FurA, expressed KatG at the same level as
INHs isolates with furA. Deletion of furA has been shown
to result in derepression of katG in Mycobacterium smeg-
matis (Zahrt et al., 2001). In addition, complementation of
the M. tuberculosis A(furA—katG) strain with katG, but not
furA resulted in high levels of KatG production and cata-
lase activity (Pym et al., 2001). These discrepancies in the
function of FurA may have been due to differences in host
strains used or phases of culture examined. In addition,
the furA®¥e mutant also had mutations in katG [g368a
(G123E), g895a (G299S) and g1388t (R463L)] and in
inhA (1-8¢), suggesting that the A34c mutation may not be
involved in INH resistance. katG9'%® (R463L) is a neutral
mutation and P..a"® is responsible for INH resistance
(Zhang and Telenti, 2000).

The mutations of katG, the regulatory region of
fabG1—-inhA, and inhA have been associated with INH
resistance, although a significant population of INH
clinical isolates in Japan showed no mutations in these
regions (Ando et al., 2010). The mutations Ints72, Int>*%,
Inte'22  and furA®*" characterized in the present
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study, may yield important insight into INH resistance in
M. tuberculosis.

Experimental procedures
Bacterial strains and plasmids

One hundred and eight INH" M. tuberculosis clinical isolates
were obtained from single patients with INH' tuberculosis
hospitalized at the National Center for Global Health and
Medicine (formerly International Medical Center of Japan)
and National Hospital Organization Tokyo National Hospital
from 2003 to 2008. Fifty-one INH® isolates were chosen using
a random number list from INH?® isolates obtained from single
patients hospitalized in the two hospitals from 2003 to 2008.
The M. tuberculosis and Escherichia cofi strains and plas-
mids used in this study are listed in Table S1. M. tuberculosis
H37Rv, NCGM2828, NCGM2836 and NCGM2898 were used
as controls for drug susceptibility testing, Westem blotting
analysis and INH oxidase assays. NCGM2836 was also used
for p-galactosidase and complementation assays. E. coli
DH5a and TOP10 (Invitrogen), and BL21{DE3) (Stratagene)
were used for cloning and for protein overexpression studies
respectively.

Growth conditions

Unless otherwise specified, M. tubercuiosis clinical isolates
and strains were pre-cultured in 125 ml Erlenmeyer flasks
(Corning) containing 20 ml of MycoBroth [modified Middle-
brook 7H9 broth (BD), Kyokuto] (500 mg of ammonium sul-
phate, 500 mg of L-glutamic acid, 100 mg of sodium citrate,
1 mg of pyridoxine, 0.5 mg of bictin, 2.5 g of disodium phos-
phate, 1 g of monopotassium phosphate, 50 mg of magne-
sium sulphate, 500 mg of calcium chioride, 1 mg of zinc
sulphate, 850 mg of NaCl, 5 g of BSA, 2 g of dextrose, 3 mg
of catalase and 500 mg of Tween 80 per litre, pH 6.6 = 0.2)
for 14 days at 37°C. The bacterial pre-cultures were inocu-
lated into fresh MycoBroth or 7H10 agar (BD) supplemented
with 10% OADC enrichment (BD) and 0.5% glycerol (Nacalai
Tesque) and further cultured at 37°C. E. coli was grown in
Luria—Bertani (LB) medium (BD). When required, kanamycin
(KM) (Sigma) was added at 20 pgmi”' to cuitures of M.
tuberculosis or 50 ug mi~' to cultures of E. coli.

Drug susceptibility testing

All clinical isolates and M. tuberculosis strains were tested for
drug susceptibility using the agar proportion method with
egg-based Ogawa medium (Vit Spectrum-SR, Kyokuto; or
Wellpack, Japan BCG Laboratory) according to the manufac-
turer's instructions, which were based on a slightly modified
WHO protocol and have been recommended by the Japa-
nese Society for Tuberculosis (Fuijiki, 2001; WHO, 2003). The
medium contained INH (0.2 ug mi-' and 1.0 ug mi="), rifampin
(RIF) (40 ug mi™'), ethambutol (EB) (2.5ugmi), KM
(20 ug ml™'), p-aminosalicylic acid (PAS) (0.5 ug mi™'), strep-
tomycin {SM) (10 g mi™"), ethionamide (TH) (20 ug ml™),
enviomycin (EVM) (20 pg mi™"), cycloserine (CS) (30 pg mi™')
and levofloxacin (LVFX) (1.0 ug mi™"). The results are shown
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in Table 1 and Fig. $1. Clinical isolates harbouring mutations
in furA or the furA—katG intergenic region, including H37Ry,
NCGM2828, NCGM2836, NCGM2898 and NCGM 2836-
derived strains, were also tested for INH susceptibility using
an agar proportion method with 7H10 agar plates according
to the protocols of the Clinical and Laboratory Standards
Institute (NCCLS, 2003) and a broth dilution method
(BrothMIC MTB-I, Kyokuto). The results are shown in
Tables 1 and 2.

Isolation of genomic DNA

Genomic DNA from bacteria was extracted as described pre-
viously (Otsuka et al., 2004).

DNA sequencing of INH resistance-related genes

The DNA sequences of the oligonucleotide primers used in
the present study are listed in Table S2. The furA-kaiG,
fabG1-inhA, ndh, ahpC genes and their upstream regions,
and kasA-kasB, were amplified by two-temperature PCR
with the same conditions, i.e. reaction mixtures contained
0.5 U of Z-Taq polymerase (Takara), 5 ul of 10x Z-Taq buffer
(Takara), 4 ul of 2.5 mM dNTP mixture (Takara), 0.5 pl of
each primer at 25 mM (Invitrogen), 20 ng of genomic DNA
and sterile distilled water to 50 ul. Thermal cycling was per-
formed on a GeneAmp PCR system 9700 thermocycler
(Applied Biosystems) with 30 cycles of 98°C for 1 s and 68°C
for 30 5. PCR products were purified with Microcon YM-30
centrifugal filter devices (Millipore) and used as templates for
direct DNA sequencing. DNA sequencing was performed with
BigDye Terminator v3.1 Cycle Sequencing Kit {Applied Bio-
systems) and ABI PRISM 3100 Genetic Analyzer (Applied
Biosystems). DNA sequences were compared with M. tuber-
culosis H37Rv using Genetyx-Mac (Genetyx Corporation).

Restriction fragment length polymorphism (RFLP)

I1S6110-probed RFLP was performed as described previously
(Otsuka et al., 2004). The fingerprinting patterns were analy-
sed with Fingerprinting |l software (Bic-Rad). Each dendro-
gram was calcuiated with the unweighted pair group method
with average linkage according to the manufacturers
instructions. Patterns with more than 70% similarity were
postulated to form a cluster.

Construction of plasmids

The furA gene and its variant furA*" were amplified by PCR
with the BamHI-furA-F/furA-EcoRI-R primer set (Table S2)
from M. tuberculosis H37Rv and a clinical isolate harbouring
furA®" mutation. The PCR products were digested with
BamHI and EcoRl, and ligated into the pGEX-2T vector (GE
Healthcare) digested with the same restriction enzymes.
Recombinant plasmids were used to transform E. coli DHSc
and selected on LB plates containing 100 ng mi~' ampicillin
(AMP). We utilized pJEM13 (Timm et al., 1994) carrying the
fused Py furA-katG''lacZ gene for B-galactosidase assays
in M. tuberculosis. This plasmid contained a DNA fragment
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from 138 bp upstream of the initiation codon of furA to the
99th base of katG. DNA fragments with or without a mutation
in the furA-katG intergenic region were prepared by PCR
using primer sets Apal-Py..-F/katG100-Kpnl-R (Table S2).
These fragments were digested with Apal and Kpni and
cloned into the corresponding site of pJEM13. Plasmids were
used to transform E. coli TOP10 and selected on LB
plates containing KM. For complementation assays of M.
tuberculosis A(furA-katG), pMV306-derived plasmids were
constructed. The entire furA—katG and 500 bp upstream
region with or without a mutation was obtained by PCR with
primer sets Xbal-(-500)furA-F/katG+40-Hindlll-R (Table S2).
These PCR products were digested with Xbal and Hindlll and
cloned into the corresponding site of pMV306. Plasmids were
used to transform E. coli TOP10 and selected on LB plates
containing KM. The DNA sequences of all clones were con-
firmed by sequencing.

Transformation of M. tuberculosis

INH* M. tuberculosis NCGM2836 was grown in 20 mi of
MycoBroth for 14 days as described above. Two-millilitre
aliquots of 2 M glycine were added and the cultures were
incubated for 24 h at 37°C. Bacteria were harvested by cen-
trifugation at 3000 r.p.m. for 15 min at room temperature
(RT), washed twice with 20 ml of 10% glycerol at RT and
resuspended in 400 ul of 10% glycerol. Bacteria were elec-
troporated with 1—4 mg of plasmids using a Bic-Rad Gene
Pulser with settings of 2.5 kV, 25 mF and 1000 W. After elec-
troporation, the bacteria were added to 4 mi of MycoBroth,
incubated for 24 h at 37°C, harvested by centrifugation at
3000 r.p.m. for 15 min at RT and resuspended in 300 ul of
MycoBroth. Transformants were selected by plating out on
7H10 agar plates with KM. To check the correct chromosomal
structures of the complementary isogenic strains, KM-
resistant colonies were examined by PCR with GC buffer, i.e.
reaction mixtures contained 2.5U of LA Tag polymerase
(Takara), 25 p! of 2x GC buffer | (Takara), 8 ul of 2.5 mM
dNTP mixture (Takara), 0.5 ul of each primer (glyV-20-F/
lipP+20-R) at 25 mM (Invitrogen), 20 ng of genomic DNA and
sterile distilled water to 50 pl. Thermal cycling was performed
on a GeneAmp PCR system 9700 thermocycler with 30
cycles of 94°C for 30 s, 60°C for 30 s and 72°C for 10 min.

B-Galactosidase assay

The pJEM13-derived gene fusions were used to transform
NCGM2836 and B-galactosidase activity was measured as
described (Alland et al., 2000). The transformed M. tubercu-
losis clones were streaked onto plates containing X-gal to
monitor facZ expression.

Preparation of total protein extracts

Bacteria were grown in 20 ml of MycoBroth for 14 days as
described above, harvested by centrifugation at 3000 r.p.m.
for 15 min at RT, washed twice with 50 mM phosphate buffer
(pH 7.0) and resuspended in 500 i of the same buffer.
Bacteria were then lysed by shaking in a FastPrep FP100A
homogenizer (Savant) (speed: 6.5ms'; time: 20 s, twice)

with 70 mg of Lysing Matrix B (Qbiogene). The supernatant
obtained after centrifugation at 12 000 r.p.m. for 1 min was
added to Spin-X centrifuge tube filters with cellulose acetate
membranes of pore size 0.22 um (Costar) and centrifuged
at 12 000 r.p.m. for S min at RT. Total protein extracts
were quantified using Protein Assay CBB Solution (Nacalai
Tesque).

Western blotting analysis

Proteins separated by SDS-5%—20%-gradient-PAGE were
transferred onto Immun-Blot PVDF membranes (Bio-Rad).
The membranes were incubated simultaneously with anti-
KatG polyclonal antibody (diluted 1:10 000) (Sekiguchi et al.,
2007) and anti-HSP70 monoclonal antibody (diluted 1:500)
(Santa Cruz Biotechnology), followed by incubation with
horseradish peroxidase-conjugated donkey anti-rabbit IgG
(diluted 1:10 000) (Amersham Biosciences) and goat anti-
mouse 1gG (diluted 1:1000) (Santa Cruz Biotechnology). Pro-
teins were visualized using SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific). Quantity
One (Bio-Rad) was used to quantify the KatG and HSP70
protein levels.

INH oxidase assay

Total protein extracts were prepared and quantified as above.
The INH oxidase activity of KatG was assayed as described
previously (Wei etal., 2003; Sekiguchi et al., 2007; Ando
etal., 2010). To 1 mi of 50 mM phosphate buffer (pH 7.0)
were added 300 mg of total protein extracts, 0.04 mM
nitroblue tetrazolium (NBT), 9 mM INH, 0.5 mg of glucose
oxidase and 0.4 mM glucose. KatG activity was measured
spectrophotometrically by monitoring the reduction of NBT at
Asso. The absorbance was read 200 s after initiation of the
reaction. All assays were performed at 25°C. NBT reduction
in the absence of INH was subtracted from that in the pres-
ence of INH.

Purification of recombinant FurA and FurA***"

To purify FurA and FurA*'®Y, E. coli BL21(DES) carrying the
plasmids pGEX-furA and pGEX-furA®" were grown in LB
medium containing 200 ug mi™* AMP at 37°C. Induction and
purification of the GST-fused FurA and FurA*'*Y were per-
formed according to the manufacturer's instructions (GE
Healthcare). Thrombin (GE Healthcare) was used to cleave
the GST-Tag at the N-termini of the FurA proteins. The final
concentration of protein was determined using a bicincho-
ninic acid protein assay kit (Pierce).

Electrophoretic mobility shift assay (EMSA)

Binding between purified M. tuberculosis FurA or FurA*'V
and P, was assessed by EMSA as described (Sala et al.,
2003). DNA fragments for EMSA were amplified by PCR
using specific primers, —129furA and furA33-R for the
upstream region of furA, and -5furA-F and furA166-R as a
negative control. Both PCR products were 171 bp in length.
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Binding reaction mixtures in 20 ul of binding buffer [20 mM
Tris-HCI (pH 8.0), 1 mM DTT, 50 mM KCl, 5 mM MgCl,, 10%
glycerol, 50 pg of BSA per mi and 200 pM NiSQ,] containing
180 ng DNA fragment were incubated with purified FurA
protein for 20 min at RT. Reaction mixtures were analysed by
electrophoresis on 7.5% polyacrylamide geis in 40 mM Tris-
acetate buffer at RT. DNA was visualized by ethidium bromide
staining. For exposure of proteins to H,O, (Santoku), 16 uM
FurA protein was mixed with various concentrations of HzQO;
in reaction mixtures without DNA fragments and incubated for
10 min at RT. DNA fragments were then added and incuba-
tion was continued for a further 10 min.

Structure-based sequence alignment

Amino acid sequences of M. tuberculosis FurA were aligned
using cLuSTALW (Thompson efal, 1994) and edited using
ESPript (Gouet et al., 1999). The secondary structure of FurA
was determined by ESPript based on the crystal structure of
P, asruginosa Fur (PDB ID: 1MZB), a template predicted by
automated modelling with the SWISS MODEL server.
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Abstract

Background: Streptococcus dysgalactiae subsp. equisimilis (SDSE} causes invasive streptococcal infections, including
streptococcal toxic shock syndrome (STSS), as does Lancefield group A Streptococcus pyogenes (GAS). We
sequenced the entire genome of SDSE strain GGS_124 isclated from a patient with STSS.

Results: We found that GGS_124 consisted of a circular genome of 2,106,340 bp. Comparative analyses among
bacterial genomes indicated that GGS_124 was most closely related to GAS. GGS_124 and GAS, but not other
streptococdi, shared a number of virulence factor genes, including genes encoding streptolysin O, NADase, and
streptokinase A, distantly related to SIC (DRS), suggesting the importance of these factors in the development of
invasive disease. GG5_124 contained 3 prophages, with one containing a virulence factor gene for streptodornase.
All 3 prophages were significantly similar to GAS prophages that carry virulence factor genes, indicating that these
praphages had transferred these genes between pathogens. SDSE was found to contain a gene encoding a
superantigen, streptococcal exotoxin type G, but lacked several genes present in GAS that encode virulence factars,
such as other superantigens, cysteine protease speB, and hyaluronan synthase operon hasABC. Similar to GGS_124,
the SDSE strains contained larger numbers of clustered, regularly interspaced, short palindromic repeats (CRISPR)
spacers than did GAS, suggesting that horizontal gene transfer via streptococcal phages between SDSE and GAS is
somewhat restricted, althcugh they share phage species.

Conclusion: Genome wide comparisons of SDSE with GAS indicate that SDSE is closely and quantitatively related
to GAS. SDSE, however, lacks several virulence factors of GAS, including superantigens, SPE-B and the hasABC
operan. CRISPR spacers may limit the horizontal transfer of phage encoded GAS virulence genes into SDSE. These
findings may provide clues for dissecting the pathological roles of the virulence factors in SDSE and GAS that
| cause STSS.

Background

Since Lancefield group G streptococci (GGS) have been
considered components of the normal flora of the
human throat, skin, and genitourinary tract, the contri-
butions of GGS to streptococcal disease have often been
overlooked [1]. Over the last decade, however, infections
by pathogenic GGS have been reported, including life-
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threatening invasive f-hemolytic streptococcal disease
[1-7], making it necessary to expand our knowledge of
the pathogenesis of GGS infections, especially invasive
infections. Several species of streptococci can carry
group C and G antigens, including Streptococcus dysga-
lactige subsp. equisimilis (SDSE), S. canis, S. dysgalac-
tiae subsp. dysgalactiae, S. equi subsp. equi (SESE),
S. equi subsp. zooepidemicus (SESZ), and S. anginosus
group bacteria. SDSE, which consists of Lancefield
group G and C bacteria, in a ratio of about 4:1 [3,8,9],
has been isolated from patients at higher frequency than

© 2011 Shimomura et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (httpy/creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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other GGS and GCS species. For example, of 313 strains
of GCS and GGS isolated from clinical samples in
Southern India between 2006 and 2007, 254 (81.1%)
were SDSE [9], as were 80% of the 266 invasive non-A
and non-B B-hemolytic streptococcal isolates in the
USA [3]. The spectrum and clinical courses of SDSE
infection, including pharyngitis, cellulitis, infective
arthritis, vertebral osteomyelitis, and streptococcal toxic
shock syndrome (STSS), show substantial overlap with
those of GAS [10-16]. Despite the increased clinical
importance of SDSE, however, the entire SDSE genome
has not yet been sequenced. Knowledge of its entire
genome sequence is fundamental to gain insights into
the pathogenicity of SDSE. We describe here the entire
genome sequence of a Lancefield group G SDSE strain,
GGS_124, which had been isolated from a patient with
STSS.

Results

Selection of an SDSE isolate for genome sequencing

We chose a clinical isolate of SDSE, strain GGS_124, for
genome sequence determination for several reasons.
First, GGS_124 belongs to Lancefield group G, to which
most clinical isolates of SDSE also belong [3,8,9]. Sec-
ond, GGS_124 caused STSS in a patient. Third,
GGS_124 was the most virulent strain among 8 group
G SDSE isolates, as determined by their LD, values in
a mouse infection model (Table 1).

Overview of the SDSE GGS_124 genome sequence

We found that, similar to other streptococcal genomes,
the SDSE GGS_124 genome consists of a single circular
chromosome of 2,106,340 bp (Additional file 1) and has
a G+C content of 39.6% (Figure 1). Based on its location
in the intergenic region upstream of the dnaA gene
(SDEG_0001), the GC skew, and the clustering of dnaA
box motifs, the start point of the SDSE GGS_124 gen-
ome was assigned to the putative origin of replication

Table 1 emm types and mouse LDs, values of 8 SDSE
isolates used in this study

Strain Origin Symptom LDsp value emm type
STSS/Non-  (CFU/head)
STSS

GGS_124 human STSS 2.1 % 10° 5tG480.0
168 human 46 x 10° 5tG480.0

GGS_117  human STSS 56 x 10° $tG4974.1
170 human 56 x 10° 5tC36.0
164 human 19 x 107 $tG485

GGS_118  human STSS 20 % 107 51G67920
169 human 44 x 107 StG11
163 hurman 45 % 107 StG643

LDs, values of the isolates were determined as described in MATERIALS AND
METHODS.
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(oriC). An AT-rich 13-mer (AGTCTGTTTTTTT),
located in the intergenic region upstream of the dnaA
gene [17], was selected as the starting point for nucleo-
tide numbering. The GGS_124 genome was shown to
contain 2095 predicted coding sequences (CDS), which
account for 1.83 Mbp (86.9%) of the genome. In addi-
tion, this genome was shown to harbor 3 prophage-like
elements, designated ®GGS_124.1, PGGS_124.2, and
®GGS_124.3. Moreover, there were 27 insertion
sequence (IS) elements throughout the genome.

Genome sequence homology analysis of GGS_124
with the other 11 sequenced streptococcal species and
subspecies showed that GGS_124 was closest in
sequence to GAS, with 72% similarity (Additional file 1).
GGS_124 was less similar to SESZ and SESE, with 65%
and 64% coverage. Although S. agalactiae is the closest-
relatilve of SDSE based on 16S rRNA analysis, the S.
agalactiae strains were less similar to SDSE than GAS
based on the genome wide comparison (Additional file
1). In addition, we constructed a phylogenetic tree of all
sequenced Streptococcus species based on the neighbor-
joining method (Additional file 2). Although neighbor-
joining methods are less accurate than the other meth-
ods such as most likelihood methods, SDSE is clustered
with the GAS strains as their closest relative.

We compared the gene organization of GGS_124 with
that of GAS by genomic rearrangement analyses (Figure
2 and Additional file 3). GAS could be divided roughly
into 2 groups according to the orientation of the genes
[18,19]. Therefore, SSI-1 and MGAS315, both of which
are M3 serotype strains and have opposite gene orienta-
tions from each other, were chosen for the analysis. We
found that the GGS_124 genome was organizationally
more similar to that of GAS strain MGAS315 than GAS
strain SSI-1 (Figure 2). Interestingly, the colinearity of
GGS_124 and S. uberis genomes was quite remarkable
but the percent amino acid identity was lower than that
of the GAS strains (Additional file 3). The gene struc-
ture of GGS_124 was similar to the structures of GAS
strain SSI-1, SESZ strain MGCS10565, and SESE strain
4047, although the GGS_124 genome contains large-
scale genomic rearrangements. The GGS_124 genome
differed markedly in gene organization from the genome
of GBS strain A909.

When we compared genes from GGS_124 and two
relatively homologous species, GAS (MGAS315) and
SESZ (MGCS10565) (Figure 3), we found that these
three streptococcal genomes contain more than 1,200
orthologous genes, accounting for 59% of the total CDSs
of GGS_124. GGS_124 shares 282 genes with MGAS315
and 153 genes with MGCS10565. Moreover, 71.6% of
the genes of GGS_124 were homologous to GAS genes,
with 88.5% amino acid identity, whereas 66.5% of
GGS_124 genes were homologous to MGCS10565
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Figure 1 Circular representation of the genome of S. dysgalactiae subsp. Equisimilis strain GGS_124. Circle 1 (outermost circle) indicates
the distance from the putative origin of replication. Circle 2 shows annotated CDS encoded on the forward (light blue) and reverse (yellow)
chromosomal strands, respectively. The rRNA genes (pink), tRNA genes (blue), and tmRNA gene (black) are shown in circle 3. Prophage (green)
and ISs (orange) genes are shown in circle 4. CRISPR (red) is shown in circle 5. Circle 6 (innermost circle) shows the G+C content with greater
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genes, with 79.9% amino acid identity. These findings
indicate that SDSE is closely related to GAS in both
nucleotide and amino acid sequences.

We also analyzed the distribution of genes shown to be
more homologous to genes derived from bacteria other
than GAS (Additional file 4). We found that 299 genes
showed higher similarity to genes from Streptococci other

than GAS and 92 genes showed higher similarity to
genes from a genus other than Streptococcus. In addition,
we identified 11 genes that did not show significant
homology to any genes in the databases. These genes
were scattered throughout the entire GGS_124 genome,
suggesting that they had not been acquired by massive
genome recombination.
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Figure 2 Genome rearrangement maps of S. dysgalactiae subsp. equisimilis GGS_124 with five species in the pyogenic group.
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Putative prophages and CRISPR/Cas

We found that all three prophage-like elements of
GGS_124 were homologous to previously sequenced
GAS prophages, and that they were integrated at sites
similar to those of GAS strains, with the same upstream
and downstream genes (Figure 4).

(i) Prophage GGS_124.1

We found that the ®GGS_124.1 prophage is 35.593 bp
in length with a G+C content of 38.04% and carries 60
CDS. Ninety-seven percent of the CDS in ®GGS_124.1
have homologues, with more than 40% identity to GAS
prophages, suggesting that ®GGS_124.1 is a chimeric



