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In vitro and in vivo fitness costs associated
with Mycobacterium tuberculosis RpoB
mutation H526D

Dalin Rifat', Victoria L Campoddnico*, Jing Tao*?, James A Miller?, Alpaslan Alp'4,
Yufeng Yao? & Petros C Karakousis*"*

Aim: There is controversy regarding the potential fitness costs of rifampicin (RIF) resistance-
conferring mutations in the Mycobacterium tuberculosis (Mtb) rpoB gene. We characterized
the pathogenicity of an Mtb RpoB H526D mutant. Materials & methods: A mutant containing
the RpoB H526D mutation was isolated from wild-type Mtb grown on RIF-containing plates
and complemented for determination of in vitro and in vivo fitness costs. Results: The RpoB
H526D mutant showed reduced survival relative to control strains during progressive
hypoxia and delayed growth following resuscitation from nutrient starvation (p < 0.05),
which was associated with reduced expression of the resuscitation-promoting factor genes
rpfB, rpfC and rpfE. Relative to the isogenic wild-type strain, the mutant showed significantly
attenuated growth and long-term survival as well as reduced inflammation in mouse lungs.
Conclusion & future perspective: Our data suggest that RpoB H526D mutation confers a
fitness cost during growth-limiting conditions in vitro and in mouse lungs.

First draft submitted: 13 February 2017; Accepted for publication: 9 March 2017; Published
online: 27 March 2017

The emergence of multidrug-resistant (MDR) TB, which is resistant to rifampicin (RIF) and
isoniazid (INH), poses significant challenges for global TB control efforts (1j. MDR-TB treatment
success rates are only 50% globally, leading the WHO to conclude that MDR-TB represents a
‘public health crisis’ 1. An improved understanding of the pathogenesis of MDR-TB is required
to develop new treatment strategies to control its further spread.

RIF is a key sterilizing drug, permitting TB treatment shortening to the current 6 months [2].
RIF binds to the Mycobacterium tuberculosis (Mtb) RNA polymerase B-subunit, inhibiting RNA
transcription [3]. More than 95% of RIF-resistant strains contain mutations in the Mtb 7poB gene [4].
An 81-bp fragment of 7poB encoding codons 507-533 (Escherichia coli nomenclature), known
as the RIF resistance determining region, harbors most mutations conferring high-level resist-
ance [s5]. RIF-resistant Mtb clinical isolates most commonly contain mutations in codons 531, 526
or 516 [6-8]. The mutation RpoB H526D is the second most frequent RIF resistance conferring
mutation worldwide [¢].

The impact of 7poB mutations on Mtb virulence is controversial. RIF-resistant Mtb strains car-
rying RpoB mutations at codons 522, 526 or 531 showed reduced growth in macrophages and
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in nutrient-poor broth (4,910, Conversely, RpoB
S531L may confer little or no loss of Mtb fitness,
and is often associated with compensatory muta-
tions in the 7poA and rpoC genes [9-11], which
may be condition dependent [10].

Mtb encounters various stress conditions dur-
ing host infection, including hypoxia, carbon
starvation, and exposure to reactive oxygen and
nitrogen species [12]. Mtb clinical strains resistant
to multiple antibiotics exhibit reduced growth
and impaired inflammation relative to drug-
susceptible Mtb in mouse models [13]. However,
less is known about the specific contribution of
rpoB mutations to these attenuated phenotypes.

The vast majority of immune competent indi-
viduals infected with Mtb are able to control
bacillary growth in necrotic lung granulomas,
leading to lifelong asymptomatic infection
(latent TB infection) [14,15]. Although several
host factors, such as, HIV infection, TNF block-
ade and diabetes mellitus, are known risk fac-
tors for reactivation disease [15], and specific Mtb
virulence factors have been implicated in disease
progression [16], the molecular basis underlying
Mib resuscitation from a growth-restricted state
remains poorly characterized. Mtb has five rpf
genes encoding RpfA-E, a group of secreted lytic
transglycosylases sharing a highly conserved
70-residue domain with dramatic potency at
picomolar concentrations to stimulate mycobac-
terial regrowth from dormancy [17-20]. Addition
of Rpfs to sputum samples of patients treated
with antitubercular drugs enhances the growth
of Mtb [2122]. However, the effect of RIF resist-
ance conferring mutations on Mtb resuscitation
from stress conditions and on expression of 7pf
genes remains to be elucidated.

In the current study, we isolated a spontane-
ous RIF-resistant Mtb CDC1551 strain con-
taining the RpoB H526D mutation to mimic
commonly encountered RIF-resistant clinical
isolates, and then reintroduced the native 7poB
gene to generate a merodiploid-complemented
strain (rpoB comp). The growth and survival
of the 7poB mutant was evaluated relative to
the parental wild-type and complemented
strains during nutrient starvation and progres-
sive hypoxia, and in the lungs of BALB/c mice.
In addition, we studied the growth kinetics of
each Mitb strain upon resuscitation from nutrient
starvation conditions and characterized the tran-
scriptional profile of the five 7pf'genes and rpoB
by quantitative reverse transcription polymerase

chain reaction (RT-qPCR).

Future Microbiol. (2017) 12(9)

Materials & methods

¢ Bacterial strains

Wild-type Mtb CDC1551 [23] was plated on
Middlebrook 7H10 agar (BD Difco, MD,
USA) containing RIF 1 pug/ml (Sigma-Aldrich,
MO, USA) at 37°C for 21 days. Genomic DNA
isolated from individual RIF-resistant colo-
nies was used to analyze mutations by DNA
sequencing using primers, rpoB-F and rpoB-R
(Supplementary Table 1). The MIC of RIF and
INH (Sigma-Aldrich) was assessed [24].

¢ Complementation of the rpoB mutant
strain

A 4202-bp DNA fragment containing the
entire 7poB gene, including 417 bp of 5'-flank-
ing sequence and 248 bp of 3'-flanking sequence,
was PCR-amplified from Mtb CDCI1551
genomic DNA using primers, rpoB-1F and
rpoB-1R (Supplementary Table 1), which intro-
duced an Xbal site at the 5" end. After Xbal-
digestion, the 7poB PCR product was ligated to
Xbal-digested Escherichia coli—Mycobacterium
shuttle vector, pMH94 [25], followed by trans-
formation into E. coli DH5a competent cells.
The rpoB-containing construct was confirmed
by DNA sequencing and electroporated into
competent 7poB mutant cells. Genomic DNA
was purified from individual colonies on 7H10
agar plates containing hygromycin (50 pg/ml)
and RIF (2 pg/ml) and digested with Sacl (NE
Biolabs, MA USA). Southern blotting was per-
formed [26] using a 561-bp 7poB probe generated
by adding digoxigenin (DIG)-dUTP in PCR
reactions containing primer pairs rpoB-2F and
rpoB-2R (Supplementary Table 1).

¢ Growth kinetics/survival & resuscitation

in vitro

For growth kinetics assays in nutrient-rich
broth, each strain was inoculated (final optical
density [OD], ~~0.05) in 10 ml of supple-
mented Middlebrook 7H9 broth (BD Difco)
containing 10% oleic acid-albumin-dextrose-
catalase (BD), 0.1% glycerol and 0.05% Tween-
80 (supplemented 7H9 broth), in 50 ml conical
tubes in a roller incubator at 37°C for 13 days.
For nutrient starvation (NS) experiments, bac-
terial pellets were washed three-times with 1 x
phosphate-buffered saline (Quality Biological,
Inc., MD USA) containing 0.05% Tween-80
and resuspended in 10 ml of the same medium
(at OD 600 nm
standing incubation at 37°C up to 28 days [27].

~0.1) in 50 ml conical tubes prior to
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For progressive hypoxia studies, each strain was
inoculated into Dubos Tween Albumin Broth
(BD Difco) supplemented with the hypoxia
indicator dye, methylene blue (500 mg/l) [28]
for 21 days after dye color change.

For resuscitation studies, pellets of 9-, 14- and
28-day nutrient-starved cultures were centri-
fuged and resuspended in 7H9 broth (at OD
.. ~0.1), followed by incubation in a shaker at
37°C. The growth of these resuscitated cultures
was monitored up to 13 days by OD
CFU.

Samples from various time points were col-

600 nm and

lected from the above cultures, serially diluted
in phosphate-buffered saline and plated on
7H10 agar. The plates were incubated at 37°C
for 21 days prior to colony counting. To observe
colony size, a longer incubation time was used.
All samples were prepared in duplicate or trip-
licate and each experiment was repeated at least
twice.

¢ Invitro competition assays

The wild-type and the RpoB H526D mutant
strains were grown in 7H9 broth to OD, =
0.5 (~5 x 107 CFU/ml) and diluted in 7H9 broth
to OD,,. =0.01 (~10° bacteria/ml) for studies
in nutrient-rich broth and to OD_ = 0.001
(~10° bacteria/ml) for hypoxia studies. For nutri-
ent-rich conditions, equal volumes of the mutant
and wild-type strains (5 ml of ~10° bacteria/ml
of each strain) were mixed prior to inoculation
in supplemented 7H9 broth. For the progressive
hypoxia model, equal volumes of the mutant and
wild-type strains (10 ml of ~10° bacteria/ml of
each strain) were mixed prior to inoculation [28].
Samples from each time point were plated on
7H10 agar plates with and without RIF 1 pg/
ml after serial dilutions. The number of wild-
type bacteria was calculated by subtracting the
number of bacteria growing on RIF-containing
plates from the total number of bacteria growing
on antibiotic-free plates. The competitive fitness,
W of the rpoB mutant relative to the wild-type
strain was calculated using the following for-
mula: W = In (RF/R")/In (S¥/S"), where R' and
S refer to the number of RIF-resistant and -sus-
ceptible bacteria at baseline, respectively, and RF
and SF refer to the same bacterial populations
at the study end points [29]. Since the starting
bacterial density of both wild-type and RpoB
H526D mutant in the competition assays was
10¢ CFU/ml, which is two orders of magni-
tude lower than that required for spontaneous
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Fitness costs of Mtb RpoB H526D mutant

generation of RIF-resistant mutants 7 vitro (10°
CFU/ml), any potential contribution of RIF-
resistant colonies derived from the wild-type
strain to the total rifampicin-resistant colony
count is expected to be negligible.

¢ Gene expression by RT-qPCR

After 11 days of nutrient starvation, bacterial
pellets were resuspended in supplemented 7H9
broth and allowed to grow until log phase. Total
RNA was purified from nutrient-starved cul-
tures and resuscitated cultures (at OD_, =0.2
and OD_, = 0.4), and treated with DNAse
(Thermo Fisher Scientific, MA USA) [24].
Following cDNA synthesis with random prim-
ers and superscript III reverse transcriptase,
RT-qPCR was performed using IQ SYBR Green
Supermix (Bio-Rad, CA, USA) and iCycler
5.0 (Bio-Rad) with the primer pairs listed in
Supplementary Table 1. The cycle threshold value
(C,) measured for each gene was normalized to
that of the housekeeping gene, sigA (AC.) [26].
For rpoB gene expression, the difference in C,
value (AC,) under each growth condition was
used to calculate the fold change in gene expres-
sion between the 7poB mutant and the control
strains (2*-ACT) [30]. For rpf gene expression,
AAC  was calculated by subtracting the C value
of each gene during resuscitation in 7H9 broth
from the corresponding C_. value of the gene
during nutrient starvation. Relative fold change
of each gene in each strain was calculated using
the formula: 2*-AAC_ 30]. All samples were
prepared as duplicates.

¢ Animal infections

All animals were maintained under pathogen-
free conditions, and fed water and chow ad libi-
tum. All protocols and procedures were approved
by the JHU Animal Care and Use Committee.
Female BALB/c mice (6—8 weeks; Charles River
Labs, MA, USA) were aerosol infected using
the Inhalation Exposure System (Glas-Col, IN,
USA) and calibrated to deliver approximately
102 bacilli of each strain. On days 1, 28 and 135
postinfection, groups of 4—5 mice were sacri-
ficed to remove the lungs and spleens aseptically.
Body, lung and spleen weights were recorded.
Lung homogenates were plated on Middlebrook
7HI11 selective agar plates (Thermo Fisher
Scientific) after serial dilution for CFU counts.
The upper lobe of the left lung was processed
for histological examination by hematoxylin
eosin staining [26,31]. The mouse lung slides
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were scanned using a Roche Ventana iScan HT
(Basel, Switzerland) and viewed with the man-
ufacturer’s software (Ventana Image Viewer).
For each slide, the number of granulomas was
counted, followed by measurement of the total
area of alveolated lung affected by granulomas
using the image analysis software (Image J).
The average percentage of involvement for
each group was obtained by using R (Statistical
Computing). The mouse aerosol infection study
was repeated once with similar findings.

e Statistical analysis

Means and standard deviations were calculated
for each data set. Differences between calculated
means were compared by the Student’s t-test.
A p-value <0.05 was considered statistically
significant.

Results
¢ Isolation of the Mtb RpoB H526D mutant &
generation of the complemented strain
In order to investigate the role of the RpoB
H526D mutation alone in Mtb virulence,
a well-characterized laboratory Mtb strain
CDCI1551 [2728] was used to select individual
RIF-resistant colonies on 7H10 agar containing
RIF (1 pg/ml). DNA sequencing of the 7poB RIF
resistance determining region was performed
for each colony isolated (data not shown), and a
strain containing a C—G mutation at nucleotide
position 1333 of the rpoB gene, causing an amino
acid substitution of aspartate (D) for histidine
(H) at codon 445 (H526D in the E. coli annota-
tion), was selected for further study. The MIC of
RIF against the 7poB mutant was determined to
be 8 pg/ml, while that of INH was 0.06 pg/ml,
indicating resistance and susceptibility to RIF
and INH, respectively. Mutations in rpoA and
rpoC, and additional mutations in 7poB were not
detected by DNA sequencing (data not shown).
In order to demonstrate that phenotypes
observed in the 7poB mutant were attributable
to the point mutation in the 7poB gene, we gen-
erated a merodiploid-complemented strain by
introducing a copy of the wild-type rpoB gene
at the mycobacterial ###B site using site-specific
recombination [26]. Successful complementa-
tion was confirmed by Southern blot using
DIG-labeled rpoB probe after DNA digestion
(Supplementary Figure 1A & B). The MIC of RIF
and INH against the wild-type CDC1551
and the complemented strain were 0.25 and
0.06 pg/ml, respectively.

Future Microbiol. (2017) 12(9)

¢ The Mtb RpoB H526D mutant shows
wild-type growth & survival in nutrient-rich
& nutrient-starved conditions, but reduced
survival during progressive hypoxia

When inoculated into axenic cultures, the
RpoB H526D mutant showed no statisti-
cally significant difference in growth relative
to control strains in nutrient-rich broth and
equivalent survival during nutrient starva-
tion (Figure 1A & B). However, after 21 days of
exposure to progressive hypoxia (28], the 7poB
mutant showed a significant decrease in CFU
relative to the wild-type (p > 0.05) and comple-
mented (p < 0.05) strains (Figure 1C). In order
to ensure equivalent nutrient availability and
oxygen depletion kinetics for each strain, a
competitive assay was used to study bacillary
survival capacity of the mutant and wild-type
in supplemented 7H9 broth and during pro-
gressive hypoxia. The methylene blue indicator
dye changed color 14 days after inoculation of
cultures, indicating reduced oxygen tension
and entry of Mtb into nonreplicating persis-
tence stage 2 [28]. A minor fitness cost of the
mutant relative to the wild-type was observed
in supplemented 7H9 broth (W = 0.7; Figure 1D
&Table 1). Despite starting with a higher bacte-
rial density in the hypoxia model, the RpoB
H526D mutant showed markedly reduced
survival relative to the wild-type after 7 days
of nonreplicating persistence stage 2 (relative
fitness cost = -2.4; Figure 1D & Table 1).

¢ Delayed resuscitation of the RpoB H526D
mutant from nutrient starvation

Although the colony size of the RpoB H526D
mutant was similar to that of control strains
when logarithmically growing cultures in
supplemented 7H9 broth were plated, the
mutant displayed relatively smaller colonies
following plating of cultures from stationary
phase or progressive hypoxia (data not shown).
Similarly, the RpoB H526D mutant exhibited
a small colony phenotype on plates following
28 days of nutrient starvation (Figure 2A). The
mutant colonies continued to increase in diam-
eter, such that by 39 days of incubation on
solid, nutrient-rich agar, mutant colony size
was equivalent to that of control strains. In
order to investigate the possibility of a resus-
citation defect for the RpoB H526D mutant,
nutrient-starved cultures of each strain were
pelleted and resuspended in fresh supple-
mented 7H9 broth following 9, 14 and 28 days

future science group
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Figure 1. In vitro phenotypes associated with Mycobacterium tuberculosis RpoB mutation H526D.
(A) Growth kinetics of each strain in supplemented Middlebrook 7H9 broth. (B) Mycobacterium
tuberculosis survival during nutrient starvation. (C) Mycobacterium tuberculosis survival during
progressive hypoxia. (D) In vitro competition assay. The rpoB mutant and the wild-type CDC1551 were
equally mixed and incubated in supplemented Middlebrook 7H9 broth as well as in the progressive
hypoxia model. CFU were counted on 7H10 agar plates with and without 1 ng/ml of Rifampicin

on days 0 and 7. The competitive fitness, W of the rpoB mutant relative to the wild-type strain was
calculated using the following formula: W = In (R¥/R")/In (S7/S"), where R'and S' refer to the number

of Rifampicin-resistant and -susceptible bacteria at baseline, respectively, and Rf and S refer to the

same bacterial populations at the study end points.

comp: Complemented strain of the RpoB H526D mutant.

of nutrient starvation. Relative to the control
strains, the 9-day nutrient-starved mutant
showed an approximately 3-day lag in attain-
ing an OD_  value of 3.0, and failed to
achieve the same growth peak (Supplementary
Figure 2). CFU analysis confirmed these results,

revealing a significantly reduced density of the
mutant relative to the control strains at each
time point (p < 0.05; Figure 2B). Similar results
were observed during resuscitation of 14- and
28-day nutrient-starved cultures (data not
shown).

Table 1. In vitro competitive assays reveal fitness cost of the RpoB H526D mutant.

Strain mixture 7H9 broth (CFU/ml)

Day O Stationary phase Day O 7 days after color
(day 10) change (day 21)
CDC1551 1.2x10° 2.5x 108 7 x10* 1.3 x 105
rpoB mutant 2.2 x10° 9.4 x 107 1.5%x10° 6.5 x 10*
Ratio 0.70 -2.4

Progressive hypoxia (CFU/ml)

future science group
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Figure 2. Delayed resuscitation phenotype in the Mycobacterium tuberculosis RpoB H526D
mutant. (A) Colony size of 28-day nutrient-starved cultures on Middlebrook 7H10 agar plates after
plating for 26, 33 and 39 days. (B) Growth rates of 9-day nutrient-starved cultures in supplemented
Middlebrook 7H9 broth, as measured by CFU on Middlebrook 7H10 agar plates.

*p < 0.05.

¢ RpoB mutation H526D is associated with
reduced expression of rpfB, rpfC & rpfE
genes during resuscitation from growth-
limiting conditions

Five mycobacterial resuscitation-promoting fac-
tors (Rpfs) have been implicated in the resuscita-
tion of dormant Mtb [32]. We tested the expression
level of each of the five rpfgenes (rpfA, rpfB, rpfC,
7pfD and rpfE) in the rpoB mutant and control
strains upon resuscitation from 11 days of nutri-
ent starvation. All five genes were upregulated
in resuscitated cultures of each strain relative
to nutrient-starved cultures of the same strains
(Figure 3A &B). 7pfE was dramatically upregulated
in the mutant during early resuscitation (OD =
0.2) relative to nutrient starvation, but the level
of induction was 50-fold lower than that in the
resuscitated wild-type versus the nutrient-starved
wild-type (p < 0.05; Figure 3A). On the other hand,
rpfE expression was 56-fold more upregulated in
the mutant than in the wild-type when compar-
ing gene expression levels of each strain during
late resuscitation (OD = 0.4) relative to nutrient
starvation (p = 0.01; Figure 3B). Expression of rpfA
and 7pfD remained relatively stable, with no obvi-
ous differences between the mutant and the wild-
type during resuscitation (Figure 3A &B). Although
7pfB and rpfC were upregulated similarly during
initial resuscitation, the level of induction of 7pfB
and 7pfC was 1.5-fold and 6.7-fold, respectively,
less than the induction of the same genes in the
wild-type during resuscitation relative to nutrient

758 Future Microbiol. (2017) 12(9)

starvation (p < 0.05 and p = 0.002, respectively;
Figure 3B). Relative expressions of the 7pf genes
during resuscitation were restored in the comple-
mented strain (Figure 3).

¢ The RpoB H526D mutation does not

alter rpoB gene expression during nutrient
starvation or upon resuscitation

In order to determine the effect of the RpoB
H526D mutation on 7poB gene expression, we
used RT-gPCR to evaluate 7poB expression in the
mutant under different growth conditions. During
nutrient starvation and upon resuscitation, the
expression of 7poB in the 7poB mutant was equal
to or more than that in the wild-type (p < 0.05;
Figure 4). Interestingly, 7poB was at least 4.5-fold
more highly expressed in the mutant and wild-
type strains during nutrient starvation relative to
nutrient-rich conditions (p < 0.0001; Figure 4).
However, 7poB expression was lower in the 7poB
mutant than in the wild-type during exponential
growth in nutrient-rich broth (p < 0.01; Figure 4).
Relative overexpression of the 7poB gene was seen
in the complemented strain relative to the wild-
type under all the conditions tested (p < 0.01 or
p = 0.0001; Figure 4), perhaps due to the presence
of two copies of the gene in this strain.

¢ The RpoB H526D mutation is associated
with reduced Mtb survival in mice

In order to investigate the effect of the RpoB
H526D mutation on Mtb virulence in vivo, we

future science group
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Figure 3. Expression of the Mycobacterium tuberculosis rpf genes rpfA-E upon resuscitation from nutrient starvation, as measured

by RT-qPCR. (A) Expression of rpf genes of Mtb strains grown to OD
corresponding NS cultures; (B) Expression of rpf genes of Mtb strains grown to OD

600 nm

600nm

= 0.2 after resuscitation in 7H9 broth relative to that of
= 0.4 after resuscitation in 7H9 broth relative to

that of corresponding NS culture. RNA was purified from Mtb strains following 11 days of nutrient starvation and after resuscitation in

supplemented 7H9 broth at two time points (OD

600 nm 600 nm

=0.2and OD

= 0.4), and RT-qPCR was performed after cDNA synthesis. After
normalization to sigA, AAC, was calculated using the difference in C, value (AC,) of each rpf gene upon resuscitation relative to that

during nutrient starvation. The fold change in rpf gene expression in the rpoB mutant and the control strains was calculated by 2*-AAC..

*p < 0.05; **p < 0.05; ***p < 0.001.
C,: Cycle threshold; OD: Optical density.

aerosol-infected separate groups of BALB/c mice
with equal inocula of each strain. By 28 days
postinfection, the bacterial count in the lungs
of mice infected with the RpoB H526D mutant
was 2.4 log  lower than that in mice infected
with the wild-type (p < 0.0001; Figure 5A) and
0.9 log,, lower than that in mice infected with
the complemented strain (p < 0.006). Although
the mean lung bacillary burden of mice infected
with the control strains remained relatively stable
until day 135 following aerosol infection, that of
mutant-infected mice increased nonsignificantly
relative to the corresponding value on day 28 (p =
0.14). Bacillary counts in the lungs of mutant-
infected mice remained significantly lower than
those of mice infected with the wild-type strain
after 135 days of infection (p = 0.02), but were
not significantly different from those of the
complemented strain (p = 0.7). When assessed
28 days after incubation on solid agar, the colony
size of each strain harvested from mouse lungs
was equivalent on the day after aerosol infec-
tion, but the RpoB H526D mutant colonies were
much smaller in diameter than those of the wild-
type from lungs harvested at day 135 postinfec-
tion (data not shown). The wild-type colony
size was not fully restored in the complemented
strain. No mutations were detected in the 7poA
and 7poC genes or in the rest of the 7poB gene

future science group

by DNA sequencing of the five mutant colonies
randomly selected from agar plated with day 135
lung homogenates (data not shown).

¢ The RpoB H526D mutation is associated
with reduced Mtb-induced inflammation in
mice

Mice in all groups gained weight equivalently
throughout the study (Figure 58). On days 28
and 135 post-infection, the mean lung weights
of mice infected with the wild-type were greater
than those of the mutant (p = 0.05; Figure 5C).
Similarly, on days 28 and 135, the mean spleen
weights of mice infected with the wild-type were
greater than those of the mutant (p = 0.002 and
p = 0.02, respectively; Figure 5D). Wild-type
mean organ weights were partially restored in
the complemented strain on day 28 (p = 0.03
for spleen weight, Figure 5D), but not on day 135
postinfection (Figure 5C &D).

Histopathological examination of mouse lung
samples was performed on days 28 (data not
shown) and 135 postinfection. On day 135, the
lungs of wild-type-infected mice displayed non-
necrotizing granulomas consisting of histiocytes,
large foamy macrophages and lymphocytic
inflammation. These granulomas were primar-
ily associated with small airways and were con-
fluent with areas of lymphocytic bronchiolitis
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Figure 4. Expression of the Mycobacterium
tuberculosis rpoB gene during exponential
growth in nutrient-rich broth, during

nutrient starvation and upon resuscitation,

as measured by RT-qPCR. The C, of rpoB gene
was normalized to that of sigA under each
growth condition to calculate AC, followed by
conversion of relative fold change (2*-AC)) in the
rpoB mutant and control strains.

*p < 0.05; **p < 0.01; ***p < 0.001.

comp: Complemented strain of the RpoB H526D
mutant; C: Cycle threshold; mutant: RpoB
H526D mutant; NS: Nutrient-starved; NS-7H9
(0.2): Resuscitated NS cultures in 7H9 broth at
oD =0.2.

600nm

(Figure 6A). Two of the four mutant-infected lungs
showed small, scattered granulomas (Figure 6A).
Conversely, all of the lungs infected with the
complemented strain contained multiple gran-
ulomas and confluent bronchiolitis (Figure 6A).
By morphometric analysis, the percent surface
area of lungs occupied by granulomas was 0.25,
0.04 (p = 0.01 relative to wild-type) and 0.07
(p = 0.3, relative to the mutant) for the wild-
type, mutant and complemented strains, respec-
tively (Figure 6B). The murine model study was
repeated, yielding similar findings in CFU, total
body and organ weights, and histopathology.

Discussion

Mib fitness during the natural course of infec-
tion is a function of various virulence properties,
including the abilities to infect a susceptible host
following aerosol exposure, proliferate and persist
in the lungs and other tissues, develop pulmo-
nary cavities and transmit to a secondary host.
These characteristics are difficult to study in
humans directly and are often overshadowed by
host susceptibility and/or environmental factors.
Previous studies characterized the Mtb fitness
costs associated with multiple drug resistance

Future Microbiol. (2017) 12(9)

mutations under various iz vitro stress condi-
tions [10] and in the murine model [13]. However,
because a drug-susceptible control strain with
identical genetic background was not available
in these studies, and because of the presence of
multiple resistance mutations, it is not possible
to ascribe specific fitness costs to individual
resistance mutations. In the current study, we
focused on the Mtb fitness costs associated with
RIF monoresistance. To our knowledge, our
study is the first to show that the commonly
observed RpoB mutation H526D is associated
with reduced Mtb virulence in mice and delayed
resuscitation from nutrient starvation.

Mtb encounters various stress conditions dur-
ing host infection, including hypoxia, carbon
starvation, and exposure to reactive oxygen and
nitrogen species [12]. The RpoB H526D mutant
in the current study had a statistically insignifi-
cant fitness cost in nutrient-rich broth, which was
less marked than that observed for Mtb strains
containing point mutations in the same codon
in earlier studies [29,33]. On the other hand, our
in vitro competition assays revealed significantly
reduced survival of the RpoB H526D mutant
during progressive hypoxia. The RpoB S531L
mutation has been reported to confer an Mtb fit-
ness cost during carbon limitation and starvation
for nutrients, including biotin and iron, and the
compensatory change V483G in RpoC restores
wild-type growth under these stringent condi-
tions [10]. Conversely, we found that the Mtb
RpoB H526D mutant showed similar survival to
control strains during nutrient starvation. This
discrepancy may be explained by the differences
in amino acid substitutions in RpoB, which may
differentially alter the transcriptional function
of RpoB and resulting Mtb phenotypes [10,29]
as well as the differences in experimental con-
ditions between the two studies. We observed
equivalent 7poB induction in the RpoB H526D
mutant and control strains during nutrient star-
vation relative to nutrient-rich conditions, sug-
gesting a functional transcription apparatus in
the nutrient-starved mutant.

Despite recent advances in our understanding
of Mtb resuscitation in the context of TB clini-
cal outcomes [14,21,34], the role of RIF-resistant
mutations on Mtb resuscitation has not been
studied previously. For the first time, we revealed
that RpoB mutation H526D was associated
with defective Mtb resuscitation from growth-
limiting conditions, leading to a small colony
phenotype, which was also observed for an RpoB
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Figure 5. Mutation RpoB H526D impairs Mycobacterium tuberculosis growth in mouse lungs.
BALB/c mice were aerosol infected with equal inocula of the RpoB H526D mutant, wild-type or
complemented strains. (A) Log ,, CFU/lung (*p = 0.02; **p = 0.006; ***p < 0.0001); (B) Bodyweights of
Mycobacterium tuberculosis (Mtb)-infected mice. (C) Lung weights of Mtb-infected mice (*p = 0.05).
(D) Spleen weights of Mtb-infected mice (*p = 0.03; **p = 0.02; ***p = 0.0002).

comp: Complemented strain of the RpoB H526D mutant.

S531L mutant and was partially and completely
reversed by RpoC mutations F4521 and V483G,
respectively [10]. The Rpfs, RpfA-E have been
implicated in Mtb resuscitation [17-20] through
hydrolysis of the mycobacterial peptidoglycan
with partnering proteins, which is crucial for cell
elongation and cell division [3536]. Consistent
with previous work [32], we observed upregu-
lation of all five 7pf genes to varying degrees
upon resuscitation of both the wild-type and
the mutant. Our gene expression data revealed
that the defective resuscitation of the nutrient-
starved mutant may be due to lower induction
of 7pfB, rpfC and rpfE relative to the wild-type
upon repletion of nutrients. Although individual
rpf genes are dispensable for Mtb resuscitation,
complementation of an Mtb mutant lacking all
five genes with either 7pfB or rpfE is sufficient to

reverse delayed colony formation upon removal

future science group

from stress conditions [37]. An Mtb mutant lack-
ing the 7pfB gene was found to have defective
resuscitation in mice [38] and 7pfE was shown
to be involved in the switch from slow to rapid
mycobacterial growth in a chemostat [39). The
hierarchy of RpfB and RpfE in Mtb resus-
citation may potentially be explained by the
observation that the partnering peptidoglycan
hydrolase, Rpf interacting protein A, appears to
interact with these two Rpfs but not with RpfA,
RpfC or RpfD for cell division [35.40]. It is pos-
sible that the mutation RpoB H526D alters the
expression of 7pfB and rpfE as well as that of
other genes involved in Mtb resuscitation, lead-
ing to delayed Mtb growth upon repletion of
nutrients. Interestingly, during late-stage resus-
citation, 7pfE expression was induced to a greater
extent in the mutant than in the control strains,
potentially compensating for deficiency of 7pfB
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comp: Complemented strain of the RpoB H526D mutant.

in the mutant. Our finding paves the way for
future mechanistic studies to test the role of Rpfs
in the pathogenesis of RIF-resistant TB. For
example, 7pf genes of interest could be condition-
ally overexpressed in the RpoB H526D mutant
or recombinant Rpf proteins could be added to
the media to determine whether resuscitation
of the rpoB mutant from stress conditions can
be accelerated.

The markedly reduced growth phenotype
observed 77 vivo may be associated with reduced
level of 7poB expression as well as deficiency in
RpoB function due to the mutation H526D.
Interestingly, we found decreased Mtb-induced
lung inflammation in mice infected with the Mtb
RpoB H526D mutant, which may be explained
at least partially by the reduced bacterial burden
in these animals and/or by altered expression of

Future Microbiol. (2017) 12(9)

key antigens in the setting of 7poB mutation [41].
In support of the latter hypothesis, a recent report
also found broad remodeling of cell wall lipids,
including altered levels of mycobactin and car-
boxymycobactin siderophores and acylated sul-
foglycolipids, in an RpoB H526Y mutant and
other RIF-resistant Mtb strains [33]. Mycobactin-
mediated iron acquisition is required for Mtb
growth in macrophages [42] and sulfoglycolipids
are associated with Mtb virulence in the guinea
pig model of infection [43]. Consistent with our
findings, reduced bacillary growth and lung
inflammation were observed in mice infected
with MDR and extensively drug-resistant (XDR)
Mitb strains relative to drug-susceptible Mtb [13].

Despite the fitness costs associated with muta-
tion RpoB H526D, our data and clinical stud-
ies show that strains containing this mutation
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can establish chronic infection in mice and
frequently cause disease in humans. Although
we did not detect the well-described compensa-
tory mutations in 7poA and rpoC, it is possible
that our mutant strain harbors compensatory
mutations in other genes, which could be iden-
tified by whole-genome sequencing, potentially
contributing to persistence iz vivo. It remains
to be determined whether this RpoB mutation
H526D confers reduced virulence in humans,
and to what extent its presence contributes to
bacterial clearance during the prolonged treat-
ment with the more costly and toxic, but less
effective, second-line drugs required to cure
MDR TB [13.44]. Interestingly, the presence of
certain gyrA mutations conferring fluoroqui-
nolone resistance has been postulated to com-
pensate for 7poB mutations [45], perhaps due to
the link between transcription rate and DNA
supercoiling [46], suggesting a plausible mecha-
nism favoring the transformation of MDR TB
into XDR TB, defined as MDR TB with addi-
tional resistance to the fluoroquinolones and
at least one injectable agent, or pre-XDR TB.
Another measure of Mtb virulence is transmis-
sibility. In our study, the RpoB H526D mutant
was implanted into the mouse lungs at the
expected inoculum dose, although very little
is known about any effects of this mutation on
strain transmissibility in humans.

Recent studies suggest that HIV coinfection
is not associated with the evolution of Mtb drug
resistance and transmission of MDR-TB, but
HIV patients are more susceptible to acquiring
Mib infection and progression to active TB [47].
However, it is not known whether HIV-related
cellular and other immune defects negate or
mitigate against any fitness costs associated
with Mtb containing RpoB mutation H526D
or other RpoB mutations. Although reversibility
of resistance mutations to wild-type alleles is well
described in bacteria [48], it is not known to what
extent this occurs in RIF-resistant Mtb strains
during natural infection.

Wild-type virulence vis-a-vis lung bacterial
burden and pathology was only partially restored
by the complemented strain. Incomplete com-
plementation may be due to the fully functional
copy of the 7poB gene acting in trans with the
mutant gene encoding the (presumably) par-
tially functional RpoB H526D mutant protein.
Our RT-qPCR data revealed higher expres-
sion of 7poB in the complemented strain rela-
tive to the mutant and wild-type strains during
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exponential growth in nutrient-rich broth as well
as during nutrient starvation, which may have
contributed to the distinct phenotypes between
the merodiploid-complemented strain and the
wild-type strain in vivo. In addition, we can-
not exclude the possible contribution of a sec-
ondary mutation, which could be identified by
whole-genome sequencing, on the attenuated
phenotype of the mutant iz vivo. An alterna-
tive approach, which we will adopt in the
future, is to use allelic replacement to generate
the point mutation in the 7poB gene associated
with the amino acid change at codon H526, in
the absence of RIF selection to minimize the
likelihood of secondary mutations.

Conclusion & future perspective

We found that the RpoB H526D mutation is
associated with reduced Mtb fitness in vitro
and in the standard murine model of chronic
TB. Delayed resuscitation of the RpoB H526D
mutant from growth-limiting conditions was
associated with reduced early expression of 7pfB,
7pfC and rpfE. Our findings may motivate fur-
ther studies on the contribution of individual
drug resistance conferring mutations in the
pathogenesis of MDR and XDR TB, leading to
improved therapeutic strategies. The precise role
of Rpfs and other related Mtb factors in the reac-
tivation of latent infection with drug-susceptible
or drug-resistant Mtb strains deserves further
investigation. Future studies are also needed to
characterize the virulence of drug-resistant Mtb
strains containing mutations in 7poB and other
genes in the immune-deficient host.

Supplementary data
To view the supplementary data that accompany this paper

please visit the journal website at: www.futuremedicine.
com/doi/full/10.2217/fmb-2017-0022

Author contributions

PC Karakousis, D Rifat and Y Yu are responsible for the

research concept and design. D Rifat and PC Karakousis

wrote and revised the article. D Rifat, VI Campoddnico,

J Tao and A Alp conducted the experiments, data analysis

and interpretation. JA Miller performed examination of
histopathology of infected mouse lungs.

Financial & competing interests disclosure

This work was supported by the State Key Development
Programs for Basic Research of China (973 program no.
2015CB554203) and the National Natural Science
Foundation of China (no. 81361120383) to Y Yao and

www.futuremedicine.com

RESEARCH ARTICLE

763



RESEARCH ARTICLE Rifat, Campodoénico, Tao et dl.

NIH grant ROIAII06613 to PC Karakousis. The authors
have no other relevant affiliations or financial involvement
with any organization or entity with a financial interest in
or financial conflict with the subject matter or materials
discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of

this manuscript.

Ethical conduct of research

The authors state that they have obtained appropriate insti-
tutional review board approval or have followed the prin-
ciples outlined in the Declaration of Helsinki for all human
or animal experimental investigations. In addition, for

investigations involving human subjects, informed consent

has been obtained from the participants involved.

SUMMARY POINTS

The fitness cost of the RpoB H526D mutation on Mycobacterium tuberculosis (Mtb) growth and survival is condition-
dependent. The mutant showed reduced survival relative to control strains during progressive hypoxia, but not during

nutrient starvation.

Relative to wild-type, the Mtb RpoB H526D mutant showed a delay in resuscitation from nutrient starvation, associated
with reduced expression of the resuscitation-promoting factor genes rpfB, rpfC and rpfE.

Relative to the isogenic wild-type strain, the Mtb RpoB H526D mutant showed significantly attenuated growth and
long-term survival as well as reduced inflammation, in mouse lungs.
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