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Spent culture supernatant from early-stationary-phase Mycobacterium tuberculosis H37Ra cultures increased
the viability of bacilli from aged cultures of this strain and allowed small inocula to initiate growth in liquid
culture. The resuscitation factor was acid labile and heat stable, with a mass of less than 1,375 Da.

When a batch culture grows to stationary phase, bacterial
growth halts because of the exhaustion of essential nutrients
and accumulation of toxic products (7). Upon extended incu-
bation in stationary phase, bacteria begin to die and viability of
the culture decreases. The number of CFU of an aged station-
ary batch culture is often orders of magnitude less than the
total number of bacteria in the culture (1, 3, 8). The noncul-
turable bacterial population consists of dead cells as well as
injured or dormant cells which may be resuscitated with factors
present in the culture supernatant from the late-log-phase
batch culture in the case of Micrococcus luteus (8). In this
study, we tested the effect of spent culture supernatant of
Mycobacterium tuberculosis H37Ra on the viability of tubercle
bacilli of this strain from aged cultures. We found that early-
stationary-phase culture supernatant (ESPSN) improved the
viability of aged cultures of H37Ra by allowing the formation
of more colonies on plates and allowed small inocula to initiate
growth in liquid culture. These observations may have impli-
cations for understanding mycobacterial dormancy and devel-
opment of a better cultivation method for improved diagnosis
of tuberculosis (TB).

Resuscitation phenomenon in M. tuberculosis. M. tuberculo-
sis H37Ra was cultivated in 7H9 Tween 80 (0.05%) albumin-
dextrose-catalase liquid medium (Difco) for various times,
ranging from a few weeks to several months and sometimes up
to 2 to 3 years as standing batch cultures at 37°C with occa-
sional agitation. The aged standing batch cultures settled to the
bottom of culture tubes with no apparent surface growth. The
ESPSN from a 3- to 4-week-old M. tuberculosis H37Ra stand-
ing culture (the optical density at 600 nm was about 1.2) grown
in 7H9 medium was collected following centrifugation at
6,000 3 g and sterilized by filtration through a 0.22-mm-pore-
size filter. The sterilized ESPSN did not form colonies on 7H11
agar plates. Portions (100 ml) of bacterial cell pellets (about
107 to 108 bacilli per 100 ml) prepared from an 8-month-old
H37Ra standing batch culture were resuspended in the same
volume (100 ml) of supernatant of the same aged culture, fresh
7H9 medium, or filtered ESPSN (C). Upon incubation at 37°C
for 3 days without shaking, the number of CFU in each me-
dium was determined (the numbers given below are the aver-

age results of samples plated in triplicate). The bacterial sus-
pensions were serially diluted in 7H9 liquid medium containing
Tween 80, and portions of the diluted suspensions were plated
on 7H11 agar plates, followed by incubation for 4 weeks at
37°C. The bacilli from the 8-month-old aged culture yielded
almost 1,000-fold fewer colonies in supernatant of the same
aged culture than in fresh medium (2.0 3 103 versus 1.2 3 106

CFU/ml). This suggests that the aged culture supernatant con-
tained growth inhibitory activity. On the other hand, the aged
bacilli incubated in ESPSN produced about 20-fold more col-
onies than the fresh medium control (2.4 3 107 versus 1.2 3
106 CFU/ml). This indicates that ESPSN allowed a population
of nonculturable bacilli (injured or dormant bacilli) to form
colonies. The above phenomenon has been reproduced many
times with different batches of M. tuberculosis H37Ra cultures
of varying ages (up to 2 to 3 years) with the same ESPSN.
Depending on the age and viability of the bacterial culture, the
results varied somewhat, but the trend of results showing that
ESPSN contained resuscitation activity and that aged culture
supernatant contained growth inhibitory activity remained.
The resuscitation or growth stimulation phenomenon was also
found with the bacilli grown in Sauton’s simple salt medium
(data not shown), indicating that the type of medium is not
important for production of the resuscitation activity by tuber-
cle bacilli.

Monitoring the resuscitation phenomenon by FDA-EB
staining. Because CFU determination is time consuming (tak-
ing 4 to 6 weeks), we used fluorescein diacetate-ethidium bro-
mide (FDA-EB) staining (4) to more rapidly assess the viabil-
ity status of aged M. tuberculosis cultures upon treatment with
ESPSN. The principle of FDA-EB staining is as follows: FDA
crosses the membranes of dead and live cells, hydrolyzed into
free fluorescein by both types of cell, but the fluorescein is
retained only by live cells with intact membranes. On the other
hand, EB enters only dead cells or cells with impaired mem-
brane integrity and stains DNA. The FDA-EB staining was
performed as described previously (4). Briefly, mycobacterial
cultures (100 ml) were stained for about 20 min with 50 ml of
FDA-EB working solution containing FDA and EB (diluted
from stock solutions of FDA [5 mg/ml in acetone] and EB [2
mg/ml in phosphate-buffered saline]) at 2 and 4 mg/ml, respec-
tively, in phosphate-buffered saline. The stained mycobacteria
were examined under a fluorescence microscope with a fluo-
rescein isothiocyanate filter with excitation at 490 nm and
emission at 525 nm. FDA-EB staining has been shown to
correlate with the viability level or number of CFU of myco-
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bacteria (4). Using the FDA-EB staining, we examined the
effect of ESPSN on bacilli from aged H37Ra standing batch
cultures grown in 7H9 medium of ages ranging from 8 to 16
months. Bacilli (about 108 to 109 cells/ml) from various aged
cultures were incubated with ESPSN or control 7H9 medium
in a volume of 100 ml at 37°C for 2 days, followed by FDA-EB
staining and fluorescence microscopy. The average percentage
of green cells was determined by observing at least 5 to 10
views randomly chosen under the microscope. More green,
FDA-labeled cells were found when the bacilli from various
aged cultures were treated with ESPSN than with fresh me-
dium control (5- to 20-fold increase) (Table 1). A representa-
tive experiment showing bacilli from samples of a 10-month-
old H37Ra culture incubated for 2 days in medium of the same
culture, 7H9 medium, or ESPSN is presented in Fig. 1. More
green cells are visible in Fig. 1C. These results suggest that
membrane injury in the bacilli became repaired in the presence
of ESPSN. As a working hypothesis, we assume that FDA-EB
staining is identifying the same resuscitation phenomenon with
viable counts, and we used FDA-EB staining as a quick assay
of resuscitation. Culture supernatants from early-stationary-
phase cultures of Mycobacterium smegmatis (in 7H9 medium)
or Escherichia coli (in Luria broth) had no effect on FDA-EB
staining or the increase in the number of CFU of aged cells of
H37Ra (data not shown).

Expression and localization of the resuscitation activity. To
determine the presence of resuscitation activity in relation to
growth phase, portions of filter-sterilized culture supernatant
(100 ml) taken at different growth stages of an H37Ra standing
culture (up to 8 weeks at 37°C) were assayed on about 107 to
108 bacilli from the same 8-month-old culture as described
above, by FDA-EB staining. The resuscitation activity was
present mainly from early stationary phase (3 to 4 weeks old)
to 2 months. There was hardly any resuscitation activity in the

log-phase (1 to 2 weeks old) culture supernatant (data not
shown). To determine where the resuscitation activity is lo-
cated, the culture supernatant and bacterial lysate of a 3- to
4-week-old M. tuberculosis H37Ra culture were prepared (9)
and assayed for resuscitation activity similarly. The lysate was
reconstituted to the original volume of the culture with 7H9
medium and sterilized by filtration through a 0.22-mm-pore-
size filter before use. The lysate was found to have a level of
activity about 1/40 of that in the supernatant (data not shown),
indicating that the resuscitation activity is mainly present in the
culture supernatant and that only a small amount of this ac-
tivity is present in the cell.

The ESPSN allowed smaller bacterial inocula to start cul-
ture growth than fresh medium. To start an M. tuberculosis
culture frequently requires a relatively large inoculum, and a
small inoculum often fails to initiate the growth of M. tuber-
culosis in liquid culture (2). The reason for this is unknown. We
tested whether the ESPSN could influence the size of bacterial
inoculum required to initiate growth of tubercle bacilli in liquid
culture. To do this, a 6-month-old M. tuberculosis H37Ra batch
culture that had been kept at 37°C without shaking was 10-fold
serially diluted (0.4 into 3.6 ml) into filter-sterilized ESPSN
(prepared from a 4-week-old H37Ra standing culture grown in
Sauton’s medium) and into a control Sauton’s medium. The
Sauton’s medium contained the detergent Triton WR1339 at
0.025% to reduce bacterial clumping. The various dilutions
were incubated at 37°C for 2 weeks when the visibility of bac-
terial growth and number of CFU were determined. ESPSN
allowed smaller inocula (1023 to 1024 dilutions) to form visible
growth in liquid subcultures, whereas the inocula failed to yield
any visible growth in Sauton’s medium alone (Table 2). The
growth-stimulating or resuscitation effect was also reflected in
the increased CFU over the medium control (Table 2). Strik-
ingly, no CFU was demonstrable for 1023 to 1025 dilutions
when incubated for 2 weeks in medium control and then di-
rectly plated, whereas 104 to 105 CFU/ml were detected for the
same dilutions in ESPSN. Neither ESPSN alone nor the 1026

dilutions in ESPSN or fresh medium gave any bacterial growth
in liquid culture or on agar plates.

Characterization of the resuscitation activity. To determine
the effect of physicochemical factors on the resuscitation ac-
tivity and the nature of the activity, we subjected the ESPSN to
various treatments and then assayed the resuscitation activity
using FDA-EB staining and fluorescence microscopy. In the
following experiments, the 8-month-old culture described
above and a positive control ESPSN were used. Heating
ESPSN at 100°C for 10 min had no effect on the resuscitation

TABLE 1. Effect of resuscitation medium (ESPSN) on the
resuscitation of M. tuberculosis cultures of varying ages,

determined by FDA-EB staining

Culture age
(mo)

% of green (live) cells

Direct staining Fresh 7H9 medium (control) ESPSN

8 1.6 9.4 49.8
10 1.8 2.4 49.2
15 0a 0.8 19.4
16 0a 0a 11.2

a All cells were orange-red.

FIG. 1. FDA-EB staining of bacilli from a 10-month-old H37Ra culture in various media. About 107 to 108 bacilli from the 10-month-old culture grown in 7H9
medium as a standing culture were incubated in 100-ml volumes of supernatant of the same culture (A), 7H9 medium (B), and ESPSN (C), respectively, for 2 days,
at which point the status of the bacterial cells was assessed by FDA-EB staining and fluorescence microscopy.
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activity, indicating this resuscitation activity is heat stable. This
experiment also rules out the possibility that any residual ba-
cilli or filterable form of the bacilli in the filtered culture
supernatant may have contributed to the increased number of
viable bacilli. In addition, repeated freezing (270°C) and thaw-
ing (37°C) for 10 to 15 cycles had no significant effect on the
resuscitation activity (data not shown). However, acid treat-
ment (with 1 N HCl for 1 h at room temperature followed by
neutralization with the same molar concentration of alkali)
completely abolished the resuscitation activity and alkali treat-
ment reduced the activity but to a lesser extent. Treatment of
ESPSN with RNase T1 (2,000 U/ml), DNase I (100 U/ml), exo-
nuclease III (150 U/ml), and proteinase K (20 mg/ml), pronase
(250 mg/ml), or trypsin (25 mg/ml) in appropriate buffers did
not appear to affect the activity, indicating that the resuscita-
tion factor does not appear to be a nucleic acid or polypeptide.

To determine the molecular mass of the resuscitation factor,
size exclusion chromatography with Bio-Gel-P2 (Bio-Rad),
which separates compounds with small molecular masses (ex-
clusion limit, 1,800 Da), was used. A molecular mass standard
(thyroglobulin, 670 kDa; bovine gamma globulin, 158 kDa;
chicken ovalbumin, 44 kDa; equine myoglobin, 17 kDa; and
vitamin B12, 1.375 kDa) was run, and a standard curve was
established. After the ESPSN sample was loaded, the column
was eluted with 7H9 medium without albumin-dextrose-cata-
lase, and various fractions were filter sterilized before being
tested for activity by FDA-EB staining. The resuscitation fac-
tor was found to be smaller than the vitamin B12 standard,
which is 1,375 Da. Consistent with this finding, we found that
dialysis of ESPSN using dialysis tubing with a molecular mass
cutoff of 3,000 Da caused complete loss of the activity (data not
shown).

In this study we identified a resuscitation activity from the
ESPSN of tubercle bacilli, as judged by increased CFU forma-

tion of the aged batch culture and by a large increase in FDA-
stainable cells with ESPSN compared to that with control fresh
medium. One issue is whether the phenomenon we observed is
due to resuscitation or regrowth (or growth stimulation) of
viable bacilli present in aged cultures. The observation that a
large fraction of bacilli (e.g., 50% in FDA-positive cells in
ESPSN versus 2 to 10% in cells in 7H9 medium) became FDA
stainable (Table 1 and Fig. 1) in 2 days is best explained by
resuscitation through repair of membrane damage in injured
or dormant cells, rather than by regrowth of viable bacilli.
However, we cannot definitely conclude that the increase in
CFU and the increase in FDA-stainable cells are due to the
same bioactive molecule(s).

The release of an autocrine resuscitation activity into the
culture supernatant at the onset of stationary phase may be a
self-protective mechanism to prepare tubercle bacilli (and per-
haps other bacteria) to survive and remain viable in extended
stationary phase. Further biochemical and genetic character-
ization of the resuscitation activity and identification of bacte-
rial genes that are switched on during resuscitation may help
improve our understanding of dormancy in M. tuberculosis (5).
The current definitive clinical diagnosis of TB still relies on
cultivation of tubercle bacilli from clinical samples. The iden-
tification of a resuscitation or growth-stimulating activity in the
spent culture supernatant that allowed smaller inocula to start
culture may have implications for developing a better cultiva-
tion method for M. tuberculosis for improved clinical diagnosis
of TB.
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TABLE 2. Growth stimulation of 6-month-old M. tuberculosis
cultures by ESPSN with small bacterial inocula

Dilution
Visible growtha CFU/mlb

Sauton’s ESPSN Sauton’s ESPSN

1021 1 1 5 3 106 .107

1022 1 1 106 107

1023 2 1 ND 3 3 105

1024 2 1 ND 2 3 105

1025 2 2 ND 3 3 104

1026 2 2 ND ND

a 1, visible growth; 2, no visible growth.
b Determined from 2-week-old subcultures which had been inoculated with

various dilutions of the 6-month-old culture diluted and grown in Sauton’s
medium alone or in ESPSN. Data are the averages of the results from triplicate
platings of undiluted and diluted (1022) samples on 7H11 agar plates. ND, no
CFU detectable when directly plated on agar plates.
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