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Abstract

Rationale: Recent studies suggest that baseline tuberculous sputum
comprises a mixture of routinely culturable and differentially
culturable tubercle bacteria (DCTB). The latter seems to be drug
tolerant and dependent on resuscitation-promoting factors (Rpfs).

Objectives: To further explore this, we assessed sputum from
patients with tuberculosis for DCTB and studied the impact of
exogenous culture filtrate (CF) supplementation ex vivo.

Methods: Sputum samples from adults with tuberculosis andHIV-1
and adults with no HIV-1 were used for most probable number
(MPN) assays supplemented with CF and Rpf-deficient CF, to detect
CF-dependent and Rpf-independent DCTB, respectively.

Measurements and Main Results: In 110 individuals, 19.1%
harbored CF-dependent DCTB and no Rpf-independent DCTB.
Furthermore, 11.8% yielded Rpf-independent DCTB with no CF-
dependent DCTB. In addition, 53.6% displayed both CF-dependent
and Rpf-independent DCTB, 1.8% carried CF-independent DCTB,

and 13.6% had no DCTB. Sputum from individuals without HIV-1
yielded higher CF-supplemented MPN counts compared with
counterparts with HIV-1. Furthermore, individuals with HIV-1 with
CD4 counts greater than 200 cells/mm3 displayed higher CF-
supplemented MPN counts compared with participants with HIV-1
with CD4 counts less than 200 cells/mm3. CF supplementation
allowed for detection of mycobacteria in 34 patients with no
culturable bacteria on solid media. Additionally, the use of CF
enhanced detection of sputum smear–negative individuals.

Conclusions: These observations demonstrate a novel Rpf-
independent DCTB population in sputum and reveal that reduced
host immunity is associatedwith lower prevalence of CF-responsive
bacteria. Quantification of DCTB in standard TB diagnosis
would be beneficial because these organisms provide a putative
biomarker to monitor treatment response and risk of disease
recurrence.
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Tuberculosis (TB) remains a significant
source of human suffering with
approximately 1.5 million deaths and
9 million new infections annually (1).
Attempts to eradicate this disease have
been hampered by complex clinical
presentation, delayed diagnosis, high rates
of coincident HIV-1 infection, and rapid

emergence of composite forms of drug
resistance (1). Moreover, the 6-month
TB treatment period is challenging for
control programs of many countries with
high incidences of the disease (2). In light of
this, global research efforts are directed
toward creating new treatment-shortening
interventions and next-generation
diagnostics, which collectively should result
in more effective management of TB (3).
Regrettably, these efforts have been
plagued by a poor understanding of
mycobacterial physiology during TB
disease in humans and the lack of
predictive biomarkers of treatment
response and disease recurrence (4). In
addition, surprisingly little is known
about bacterial growth, or lack thereof,
during latent TB infection, despite
the fact that one-third of the world’s
population is predicted to carry this
form of TB (5–7).

Bacterial growth is a complex
process modulated by various enzymes
and the role of resuscitation-promoting
factors (Rpfs), a group of secreted
enzymes implicated in enhancing
bacterial culturability, has been of
particular interest (8–10). Mycobacterium
tuberculosis possesses five rpf-like genes,
designated rpfA–E, which are collectively
dispensable for growth in vitro but are
required for resuscitation from a
nonculturable state and pathogenesis in a
mouse model of TB infection (11). It has
been demonstrated that a large proportion
of sputum-derived bacteria required
Rpf-supplementation for growth (12).
These organisms, which we term
differentially culturable tubercle bacteria
(DCTB), were quantified in the sputum of
patients with drug-susceptible active TB
disease before the initiation of treatment (12).
It is predicted that DCTB are unable to
grow on solid media, but can be recovered
in liquid media and a recent study also
demonstrated that they display drug
tolerance in vitro (12, 13). This is
corroborated by studies that identified
persisting/nonculturable bacterial
populations in sputum, the recovery of
which can be enhanced by supplementation
of growth media with culture filtrate (CF)
from axenic cultures of M. tuberculosis or
recombinant Rpfs (13–15). The presence of
DCTB has also been confirmed in the
murine model of TB infection (16, 17).

Considering the importance of these
observations and their consequences for

the management and ultimate eradication of
TB disease, we undertook a comprehensive
validation of these preliminary findings
in a large cross-sectional observational
group of patients. We address key
knowledge gaps highlighted by prior
studies: (1) Do all patients with TB harbor
DCTB? (2) Is the detection of DCTB
dependent on the presence of Rpfs in CF?
(3) Is there variance in the distribution of
DCTB between individuals infected with
HIV-1 and those uninfected with HIV-1?
(4) How does the presence of these
organisms correlate with existing TB
diagnostics?

Methods

Study Design
Ethics approval for this study was
obtained from the Human Research
Ethics Committee of the University of
the Witwatersrand (clearance number:
M110532). Potential study participants were
approached at primary care clinics in
Soweto, South Africa. Drug-sensitive
patients with TB with a positive test result
from either auramine-stained smear or by
GeneXpert, obtained from the public sector
National Health Laboratory Service
(Johannesburg, South Africa), were eligible
for recruitment. Patients willing to
participate were asked to attend the study
clinic where informed consent was obtained
and a spot sputum was collected for
processing in this study. Further details on
the patient cohort, sputum processing, and
most probable number (MPN) assays can be
found in the online supplement. Briefly, the
MPN assay was performed using CF
supplementation (see Figure E1 in the
online supplement). CF was isolated either
from wild-type M. tuberculosis (referred to
as CF) or from a quintuple rpf gene-
knockout (referred to as Rpf2 CF), which
allowed for the detection of CF-dependent
or Rpf-independent DCTB, respectively.
As a control, MPN assays with no CF
supplementation were also performed,
which allowed for detection of CF-
independent DCTB (Figure 1).

Refinement of the MPN Assay
The MPN assay is based on a Poisson
distribution of growth in a limiting
dilution series (see Figure E1). Accurate
quantification requires consistent dilution
of organisms across a serial dilution

At a Glance Commentary

Scientific Knowledge on the
Subject: Sputum from patients with
tuberculosis (TB) harbors drug-tolerant,
differentially culturable tubercle bacteria
(DCTB) that are unable to grow on solid
media but can be recovered in liquid
media supplemented with resuscitation-
promoting factors, a group of bacterial
growth stimulatory enzymes secreted by
Mycobacterium tuberculosis.

What This Study Adds to the
Field: In addition to culture filtrate
(CF)-dependent DCTB, sputum
from patients with TB harbors a
significant proportion of resuscitation-
promoting factor–independent DCTB.
Enhanced recovery of DCTB through
supplementation of sputum cultures
with CF improved bacterial detection
in sputum smear–negative patients.
Sputum from individuals with TB and
HIV-1 with CD4 counts greater than
200 cells/mm3 displayed higher levels of
CF-responsive organisms than sputum
from individuals with CD4 counts
less than 200 cells/mm3. This study
represents the most comprehensive
analysis of DCTB to date and reports
the presence of phenotypically
distinct bacterial subpopulations in
individuals with TB. These findings have
important implications for diagnosis of
TB, particularly in individuals with
paucibacillary disease. Moreover, the
quantitation of differentially culturable
organisms now provides a novel
biomarker to assess treatment response
and risk of disease recurrence. Our data
provide preliminary microbiologic
evidence to validate the long-standing
hypothesis that the host immune
response to TB infection drives bacteria
into phenotypically distinct, drug-
tolerant states.
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Number screened 
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Number enrolled (N =110)
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B

Population detected Description

Ineligible (N = 46) † 
MGIT contamination (n = 3): [ 3/3 MPN negative, 3/3 CFU 
negative, 2/3 Smear negative, 2/2 GeneXpert negative, 1/1 
HAIN negative]
MGIT, MPN, and CFU negative (n = 22): [22/22 MPN 
negative, 22/22 CFU negative, 22/22 Smear negative, 9/12 
GeneXpert negative, 22/22 MGIT negative, no HAIN result]
MPN and CFU negative (n = 16): [16/16 MPN negative, 
16/16 CFU negative, 9/16 Smear negative, 3/12 GeneXpert 
negative, 1/12 HAIN negative, 0/16 MGIT negative]
Negative on all three MPNs but CFU positive (n = 3): 
[1/3 Smear negative, 0/1 GeneXpert negative, 0/3 HAIN 
negative, 0/3 MGIT negative]
Rifampicin resistance (n = 2): [2/2 MPN negative, 2/2 CFU 
negative, 2/2 Smear negative, 1/1 GeneXpert negative, 1/1 
HAIN negative, 0/2 MGIT negative]

C

Glossary
Platable bacteria: Those organisms that are able to form colonies, visible to the naked eye on plates – scored as CFUs 
CF +MPN: The most probable number of organisms that emerge in media supplemented with culture filtrate (CF) from wild 
type M. tuberculosis (H37Rv)
Rpf –MPN: The most probable number of organisms that emerge in media supplemented with culture filtrate (CF) from an 
Rpf-deficient mutant of M. tuberculosis 
MPN no CF: The most probable number of organisms that emerge in media with no CF
CF-dependent DCTB: Differentially Culturable Tubercle Bacteria (DCTB) that are dependent on CF for growth
Rpf-independent DCTB: DCTB that do not require the presence of Rpfs in CF for growth
CF-independent population: DCTB that do not require CF for growth

CF-dependent 
DCTB (n = 21)
1. Males (n = 16)
2. Females (n = 5)

Rpf-independent 
DCTB (n = 13)
1. Males  (n = 6)
2. Females (n = 7)

CF- independent 
DCTB (n = 2)
1. Males (n = 2)
2. Females (n = 0)

Mixed DCTB* 
(CF-dependent DCTB
and Rpf-independent 
DCTB) (n = 59)
1. Males (n = 37)
2. Females (n = 22)

No DCTB (n = 15)
1. Males (n = 8)
2. Females (n = 7)

Figure 1. Participant disposition flow chart. (A) Most probable number (MPN) assays were set up with culture filtrate (CF) and resuscitation-promoting factor (Rpf)2

CF supplementation of growth media. CF was isolated from wild type Mycobacterium tuberculosis and Rpf2 CF from a quintuple rpf gene-knockout mutant,
allowing for the detection of Rpf-dependent or Rpf-independent differentially culturable tubercle bacteria (DCTB), respectively. To control for the CF effect, MPN
assays with no CF supplementation were also performed, which allowed for detection of CF-independent DCTB. (B) A total of 156 patients were analyzed in this
study. These included individuals that had strong clinical indication for TB disease either through a positive smear or positive GeneXpert result. Of these, 46 patients
were excluded because of lack of culture-confirmed M. tuberculosis infection detected by MGIT, MPN, and/or CFU. Patients were also deemed ineligible if they
were on antibiotic treatment or infected with drug-resistant strains. Of the 110 eligible patients, 21 and 13 had CF-dependent and Rpf-independent DCTB, respectively,
whereas 59 patients had mixed DCTB populations. Sputum from 15 patients did not harbor DCTB, and two patients carried CF-independent DCTB. (C) A glossary of
terms used in the figure. *Mixtures of CF-dependent DCTB and Rpf-independent DCTB populations. †In some cases, the data for laboratory diagnosis (GeneXpert,
MGIT, HAIN, and smear status) were not available. HAIN=Hain Lifesciences Line Probe Assay Genotype MTBDR plus; MGIT=mycobacteria growth indicator tube.
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series and in this context, a significant
confounder was the possibility of bacterial
clumping. To address this, dispersal of
sputum-derived organisms was tested by
vortexing in the presence of 2-mm glass
beads for 10 seconds at maximum speed.
Sputum samples from 19 patients were
split equally and one sample was vortexed
with beads and the other without beads.
In many cases, bead treatment of the
sputum sample allowed for a marginally
higher MPN count and did not notably
affect the viability of bacteria (see Figure
E2). Moreover, in samples where the full
quantum of organism was low, bead
treatment allowed for the detection of
low levels of DCTB (patients 54044
and 54060) (see Figure E2). Additional
quality checks are detailed in the online
supplement.

Data Analysis
Patients were stratified into HIV-1–infected
and HIV-1–uninfected groupings based
on two standard HIV rapid tests. Their
bacillary load measures (CF1/Rpf2/MPN
no CF, colony forming units [CFUs],
mycobacteria growth indicator tube
(MGIT) time to positivity [TTP] in days,
smear status, and GeneXpert cycle
threshold) were compared between groups,
and medians with interquartile ranges
were determined using the Kruskal-Wallis
test. Frequencies and associated percentages
were determined by lung pathology
variables on chest radiograph and
compared between the two groups using
the chi-square test of proportions.
Similarly, patient immunology and
conventional TB diagnosis variables were
compared using the chi-square test of
proportions. For a further sensitivity
analysis, we divided the individuals infected
with HIV-1 into groups with CD4 counts
less than/greater than 200 cells/mm3 and
conducted a comparative analysis as
described previously. All statistical analyses
were two-sided and performed at a 95%
level of significance using SAS Enterprise
Guide version 5.1 (Statistical Analysis
Software Institute, Cary, NC). Further
detail is provided in the online supplement.

Results

The participant disposition flow chart is
given in Figure 1. We numerically defined
DCTB as the population that is detected

when bacillary load, as quantified by the
MPN assay, exceeded the number of
platable organisms (CFU). Our
experimental design consisted of three
distinct MPN assays for each sputum
sample, including (1) CF1 MPN, (2)
Rpf2 MPN, and (3) MPN no CF, which
allowed for the relative quantification of
CF-dependent, Rpf-independent, and
CF-independent DCTB in each patient
(Figure 1).

We recruited 156 patients of whom
110 were culture positive for TB. The
median age was 37.0 years, 63% were men,
and 56% were HIV-infected (Table 1).
From those who had a prior GeneXpert
test, 84% were positive, 74% were smear
positive, and 93% were positive on MGIT
culture, with median TTP of 13.5 days
(Table 1). From these sputum samples,
21 of 110 (19.1%) yielded CF-dependent
DCTB, with no other detectable DCTB
(Figure 2; see Table E1). Conversely, 13 of
110 (11.8%) displayed Rpf-independent
DCTB, with no detectable CF-dependent
DCTB (Figure 2; see Table E1). In these
cases, it is possible that the addition of
CF resulted in suppression of growth, as
measured by the increase in growth
stimulation observed when the same
sputum sample was supplemented with
Rpf2 CF. This inhibitory effect was also
observed, albeit to a lesser extent, in
sputum samples displaying mixed DCTB
populations, where some sputa displayed
higher levels of Rpf-independent DCTB
when compared with CF-dependent DCTB
(see Table E1). Most sputum samples
in our study, 59 (53.6%), had both
populations of CF-dependent and Rpf-
independent DCTB (Figure 2; see Table
E1). Of the remaining samples, 15 (13.6%)
had no DCTB, where the quantum of
organisms detected by the MPN assay
was equivalent or lower than the CFU.
A further two patients (1.8%) had
CF-independent DCTB where the number
of organisms in the MPN no CF was
higher than either the CF or Rpf2 CF
supplemented MPN assays (Figure 2,
inset; see Table E1). We also noted
significant variation in the quantum of
various DCTB populations between sputum
samples, ranging from 0.2 to 7.5 log, and in
some cases, this is higher than previously
observed (12).

Thirty-four patients in our study
displayed no culturable bacteria on solid
media for CFU determination and eight

samples did not grow in routine liquid
culture (MGIT). However, sputum from
all of these patients displayed growth of
M. tuberculosis in the MPN assays, albeit
with variable dependency on Rpfs
(see Table E1) demonstrating the benefit of
CF-supplementation in the diagnosis of TB.
Correlation between detectable CFUs and
HIV-1 infection status revealed that
samples that displayed no CFUs were
largely individuals infected with HIV-1
(23 of 34 [68%]) but these sputum samples
yielded positive growth in MPN assays.
In our group of patients, a greater
proportion of individuals infected with
HIV-1 were male (n = 34; 55.7%) and
older than their counterparts not infected
with HIV-1 (41 vs. 32 yr; P = 0.0001).
Additionally, a larger proportion of patients
infected with HIV-1 had limited lung
pathology, negative smears, and a
GeneXpert diagnosis with a high median
cycle threshold (Table 1).

We hypothesized that individuals
with compromised immunity retain
altered proportions of MPN-responsive
organisms when compared with
individuals not infected with HIV-1.
Sputum samples from patients infected
with HIV-1 displayed lower levels of CF1

MPN counts when compared with sputum
from patients not infected with HIV-1
(2.7 vs. 3.5; not significant with a 95%
confidence interval; P = 0.0725, unadjusted)
(Figure 3A and Table 1). This observation
suggested that compromised host
immunity is associated with a reduction
in DCTB and culturable bacteria. When
adjusted for sex and body mass index, this
difference remains statistically insignificant
(P = 0.1504). No significant differences
were found in the proportion of Rpf2

MPN bacterial subpopulations between
participants infected and not infected with
HIV-1 (Table 1).

In individuals infected with HIV-1,
when stratified into CD4 counts less
than/greater than 200 cells/mm3, there were
no differences in demographics, chest
radiograph presentation, and GeneXpert
cycle threshold (Table1). However, a
significant difference in CF1 MPN counts
was noted where individuals with CD4
counts greater than 200 cells/mm3 had
a higher median CF1 MPN compared
with those with CD4 counts less than
200 cells/mm3 (3.6 vs. 1.9; P = 0.0236,
unadjusted; P = 0.0176, adjusted for sex and
body mass index) (Figure 3B and Table 1).
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Figure 2. Distribution of differentially culturable tubercle bacteria (DCTB) in a cross-sectional group of patients with tuberculosis. Shown on the y-axis

are individual patients with their relative proportions of DCTB (given as the quantum of resuscitatable bacteria, reported as the resuscitation index
[RI = MPN/CFU]) on the x-axis. Culture filtrate (CF)-dependent DCTB, calculated as the log(CF1 MPN/CFU), is reflected in red. If the calculation of
CF-dependent or Rpf-independent DCTB yielded a negative value, this was adjusted to 0 because only the growth stimulatory effects of CF/Rpf2

CF were considered. Rpf-independent DCTB, calculated as the log(Rpf2 MPN/CFU), is reflected in blue. CF-independent DCTB, calculated as the log
(MPN No CF/CFU), is shown in green. In cases where the CFU was zero, a value of 1 was used to reflect the absence of culturable bacteria, which
indicates that the entire population detected in the MPN assay constituted DCTB. The combined colored bars reflect patients with both CF-dependent
and independent DCTB populations and absence of bars indicated no detectable DCTB. Inset depicts log CFU counts in samples with no detectable
DCTB population. MPN =most probable number; Rpf = resuscitation-promoting factors.
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Next we investigated the relationship
between DCTB and other diagnostic
methods used to detect mycobacterial load,
such as TTP in MGIT and GeneXpert
cycle threshold. We stratified our patient
group by smear status and found a strong
correlation between the CF1 MPN and TTP
or GeneXpert cycle threshold in both
smear-positive and smear-negative patients
(Table 2). This effect is lost in smear-

negative patients in the absence of Rpfs
(Rpf2 MPN) (Table 2). Rpfs also enhanced
bacterial detection by the MPN assay,
because the absence of Rpfs results in a
greater proportion of samples with no
growth in the MPN assay (24 of 110 with
no growth in Rpf2 MPN vs. 9 of 110 with
no growth in CF1 MPN) (see Table E1).

The growth stimulatory effect observed
with CF supplementation of sputum

cultures in previous studies has been
ascribed to the activity of Rpfs (12). A
limitation in some of these studies was that
dependency on Rpfs was not assessed by
using a control CF without Rpfs. Our data
thus far illustrated that in some cases,
Rpfs contribute to increasing bacterial
growth in sputum-derived bacteria.
However, we now report the detection of
an Rpf-independent DCTB population
in TB-diseased patients. To further test
the contributions of putative growth
stimulatory enzymes, the CF and Rpf2

CF was subjected to heat treatment to
inactivate secreted enzymes. Heat
treatment resulted in a reduction, but not
abrogation, of CF1 MPNs in most cases,
with complete loss of growth stimulatory
activity in 9 of 35 (26.0%) samples (see
Figure E3). In the Rpf2 MPN, heat
treatment also led to a loss of growth in
6 of 35 (17%) samples (see Figure E3).
The residual growth stimulation detected
in most samples with heat-treated
CF or Rpf2 CF suggests that growth
stimulation in MPN assays with these
supplements is most likely the result of
interplay between heat-labile and heat-
resistant factors.

Finally, we assessed strain diversity in
our study population to gain a better
understanding of the distribution of
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Figure 3. Measures of bacterial load stratified by HIV-1 infection status or CD4 T-cell counts. (A) Scatterplot depicting bacterial load distributions in HIV
infected/uninfected individuals. (B) Scatterplot depicting bacterial load distributions in individuals with high versus low CD4 T-cell counts. Error bars
represent medians and interquartile ranges. To determine statistical significance, the Mann–Whitney U test was used with a 95% confidence interval.
CF1 MPN (red), Rpf2 MPN (blue), MPN no CF (green). Two participants had missing CD4 counts. In all categories the CF1 MPN/Rpf2 MPN yielded higher
bacterial counts when compared with the MPN no CF (P, 0.0001). *Significant with a 95% confidence interval. CF = culture filtrate; MPN =most probable
number; ND = no bacterial growth detected; Rpf = resuscitation-promoting factors.

Table 2. Diagnostic Benefit of CF Supplementation versus No Rpf Supplementation in
Smear-Negative and Smear-Positive Individuals

Variables
Smear-Positive
Correlation*

Smear-Negative
Correlation*

CF1 MPN
MGIT TTP† vs. log CF1 MPN 20.54‡ (P, 0.0001) 20.54‡ (P = 0.0049)
GeneXpert cycle threshold vs.
log CF1 MPN

20.62‡ (P, 0.0001) 20.74‡ (P = 0.0004)

Rpf2 MPN
MGIT TTP† vs. log Rpf2 MPN 20.53‡ (P, 0.0001) 20.13x (P = 0.53)
GeneXpert cycle threshold vs.
log Rpf2 MPN

20.61‡ (P, 0.0001) 20.01x (P = 0.95)

Definition of abbreviations: CF = culture filtrate; MGIT =mycobacteria growth indicator tube; MPN=
most probable number; Rpf = resuscitation-promoting factors; TTP = time to positivity.
*Pearson coefficient.
†TTP in days.
‡Significant negative linear relationship between variable and log CF1 MPN/Rpf2 MPN.
xA weak nonsignificant negative linear relationship between variable and log Rpf2 MPN in
smear-negative patients.
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circulating strains within the study
community and to assess if any strains
preferentially responded to Rpf
supplementation. From the 110 samples,
spoligotyping results were obtained for
102 cultures. In 81 of these, a single strain
was detected, which we classified either into
Beijing or non-Beijing. There was no
significant difference in the distribution of
these strains between patients with HIV-1
versus patients without HIV-1 or in patients
with HIV-1 with CD4 counts less
than/greater than 200 cells/mm3 (Table 1).
However, specimens from patients with
Rpf-independent DCTB (and no other
detectable DCTB population) displayed no
Beijing strains, whereas these strains were
found in patients with only CF-dependent
DCTB or mixed DCTB populations
(see Figure E4). These data suggest that
patients infected with Beijing strains harbor
organisms that are responsive to Rpfs. In
the remaining 21 patients, we detected
mixed strain infections (Table 1).

Discussion

The ability to detect and quantify DCTB in
patients with either active TB or latent TB
infection is critically important for assessing
the risk for reactivation of disease and
monitoring responses to TB treatment. In
this study, we determined the proportion
of bacterial populations with differential
culturability in patients with TB with and
without HIV-1. The lack of culturability
after periods of stress has commonly been
used as a surrogate measure for metabolic
quiescence and drug tolerance (18) and we
hypothesize that our measure of DCTB in
sputum-derived bacteria provides a useful
readout of the proportion of nonreplicating
organisms in the host. The presence of
DCTB in the sputum of patients with
active TB disease is documented (12).

Consistent with this, we were able to
robustly detect populations of CF-
dependent DCTB in a large proportion of
patients. It should be recognized that the use
of CF does not necessitate the direct
involvement of Rpfs in unmasking CF-
dependent DCTB. This could be the result of
other factors in the CF or the products of
Rpf-mediated cleavage of the cell wall.
Additionally, we report a second, distinct
Rpf-independent DCTB population that
emerges in MPN assays with Rpf2 CF
supplementation. These Rpf-independent

DCTB are present in patients either as a
single detectable population or as mixed
populations with CF-dependent DCTB. A
notable proportion of sputum samples from
patients with HIV-1 was associated with the
lack of culturable bacteria on standard solid
media and in these cases, the MPN assay
with CF supplementation may be a useful
TB diagnostic test because it allows for
identification of bacteria that do not grow
on solid media. The CF1 MPN assay also
provided significant benefit in detecting
bacteria in sputum samples that were smear
negative. However, it should also be noted
that some samples in our study harbored
bacilli with improved growth on solid agar.
In these cases, bacillary load would be
underestimated in liquid media, highlighting
the possibility that a single diagnostic test
may not be sufficient to capture all the
phenotypic diversity present in sputum.

Rpfs are lytic transglycosylases with the
ability to hydrolyze peptidoglycan in the
bacterial cell wall and as such, play an
important role in regulating degradation
of the bridge between cells during division
to promote daughter cell separation
(10, 19, 20). In this regard, exogenous
supplementation of bacterial cultures with
Rpfs (or CF) may promote cell separation
in dividing cells and thereby increase the
number of singlet cells in the culture. This
would manifest in the higher MPN score
observed with CF supplementation and
consequently lead to an overestimation of
the quantum of DCTB present. Although
we cannot unequivocally rule this out in
patients with DCTB, the following two
observations suggest that this cannot be the
sole explanation for the occurrence of
DCTB in our patient population: a
notable proportion of patients in this
study had Rpf-independent DCTB, where
supplementation with Rpf2 CF results in
enhanced bacterial recovery, indicating that
growth stimulation of DCTB is mediated
through CF-dependent and Rpf-
independent mechanisms; and analysis of
cell sizes in a random sampling of patients
confirms that most sputum-derived
bacteria exist as singletons, with a small
proportion of bacteria that are longer than
3.5 mM, which would represent dividing
bacteria (see Figure E5).

Thus, hydrolysis of the septum by cell
wall hydrolases cannot solely account for the
occurrence of DCTB in MPN assays. To
further address the mechanistic basis of

CF-mediated growth stimulation, MPN
assays were conducted with heat-treated
filtrate to eliminate enzymatic activity. Heat-
treated CF and Rpf2 CF displayed reduced
growth stimulation but in most cases, the
stimulatory effect was not completely
abolished. This suggests that growth
stimulation of organisms in sputum is
mediated by both enzymatic and
nonenzymatic effects. In this regard, it has
been demonstrated that cyclic AMP and
fatty acids retain the capacity to modulate
the growth of nonreplicating mycobacteria
(21–23).

Host immunity has been predicted to
play an important role in determining
the environmental stresses that tubercle
bacteria experience during infection and
inflammation associated with chronic
granulomatous TB disease. Immune
responses, together with drug treatment,
may drive the formation of, or select for,
drug-tolerant populations in pulmonary
lesions. We sought to test this hypothesis by
studying the distribution of DCTB in
patients with HIV-1 infection and found
that individuals with a comparatively better
immune competency (as assessed by the lack
of HIV-1 infection or CD4 T cell counts
.200 cells/mm3 in individuals with HIV-1)
display higher CF1 MPN values. This
suggests that a reduced host immune
response affects the distribution of CF1

MPN-responsive organisms. However,
these experiments are insufficient to
unequivocally associate modulation of host
immunity with changes in DCTB profiles
and further work is required in this regard.

In conclusion, our data confirm the
presence of DCTB in a group of South
African patients with TB at baseline.
Detection of both CF-dependent and
-independent DCTB in the sputum of
patients with TB points to a dynamic
interplay between distinct subpopulations in
the infected human lung. How these
populations respond to therapy and the
manner in which they change with
resolution of disease now awaits further
investigation. n
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