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The study of the in vitro cell growth of mycobacteria still
remains a fastidious, difficult, and time-consuming proce-
dure. In addition, assessing mycobacterial growth in the
laboratory is often complicated by cell aggregation and slow
growth-rate. We now report that the use of a stainless steel
spring in the culture led to an absence of large cell clumps,
to a decrease of dead cells in the exponential phase and to
growth of a more homogeneous population of large cells.
We also report that flow cytometry is a rapid, simple and
reliable approach to monitor mycobacterial cell growth and
viability. Here, we monitored Mycobacterium smegmatis
cellular growth by optical density, dry cell mass, and colony
forming units; in addition, viability, cell size and granularity
profiles were analyzed by flow cytometry, and cell morpho-
logy by electron microscopy. Cultures monitored by flow
cytometry may lead to a better understanding of the physi-
ology of mycobacteria. Moreover, this methodology may aid
in characterizing the cell growth of other fastidious species
of microorganisms.
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Introduction

Mycobacteria are rod-shaped, aerobic bacteria, non-motile,

Gram-positive, and acid-fast, with genomes that have a
high G+C content (Holt et al., 1994). Within this genus,
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Mpycobacterium tuberculosis is a leading cause of infectious
disease (WHO, 2011); this microorganism is notable for its
slow growth both in vivo and in vitro, with generation
times of 16 h or longer (Wayne, 1994). Traditionally, my-
cobacteria are often classified as either slow or fast growers
according to the time taken for colonies to appear on a solid
medium (Holt et al., 1994). Knowledge of mycobacterial
physiology has been limited by the slow growth of these
major pathogens and by other technical problems such as
the presence of a high percentage of dead or dying cells in
exponential phase and also by cell aggregation (Ratledge,
1982; Wheeler and Ratledge, 1994). Two theoretical appro-
aches have been used in order to understand the growth of
mycobacteria; first, a framework was established based on
quantitative relationships between specific growth rates ()
and cell macromolecular compositions of M. tuberculosis,
M. bovis BCG, Streptomyces coelicolor, and Escherichia coli
B/r (Cox, 2004). It was suggested from this analysis that the
slow growth of M. tuberculosis reflects cell metabolism and
not the possession of a single rRNA operon (rrn) per genome.
From the second analysis, it was demonstrated that micro-
arrays of specific genes involved in DNA and cell division
can be applied to bacterial cultures of known growth rates;
i.e., the number of copies of FtsZ per cell is proportional to
the number of ribosomes per cell (Cox, 2007). Therefore,
new methodologies should be developed that allow rapid
and reliable monitoring of mycobacterial physiology and
cell growth. M. smegmatis is of interest because it is regarded
as a typical fast grower; under favorable conditions it has a
generation time of about 3 h (Sander et al., 1996; Gonzalez-
y-Merchand et al., 1998; Sander et al., 2002). Although M.
smegmatis might be an opportunistic pathogen (Newton
and Weiss, 1994; Skiest and Levi, 1998; Wallace et al., 1998),
it can be safely handled in the laboratory. In this study, the
growth of M. smegmatis mc” 155 in batch cultures was fol-
lowed as a function of time by measuring cell mass, the
number of colony forming units (CFU), cell viability [flow
cytometry (FCM)], cell morphology (electron microscopy)
and profiles of granularity and cell size (FCM). Two con-
ditions of cell culture were examined: cells were grown in
the presence of 0.1% (v/v) Tween 80 in shaking cultures ei-
ther with or without the addition of a stainless steel spring,
to aid both aeration and dispersion of the mycobacteria.
This report assesses the growth of M. smegmatis mc® 155
by means of established methods and also by FCM. This
procedure allows the simultaneous measurements of several
physical and chemical properties of bacterial cells in a matter
of seconds, providing an indication of the heterogeneity of
a population of microorganisms within minutes (Alvarez-
Barrientos et al., 2000). FCM has been used to detect the
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presence of live pathogenic mycobacteria such as M. tuber-
culosis in sputum (Burdz et al., 2003), to measure the in-
duction of Tumor Necrosis Factor (TNF) in macrophages
infected with M. tuberculosis (Engele et al., 2002) and to assess
the viability of M. tuberculosis grown in a chemostat (James
et al., 2000). To the best of our knowledge, this report might
be the first to show the reliability, speed and scope of FCM
for measuring properties of mycobacterial cells during the
course of batch cultures. Other methods are more expensive,
elaborate and time-consuming; for example, measurements
of CFU, dry cell mass (DCM) or electron microscopy (EM).

Materials and Methods

Bacterial strain and growth conditions

The strain investigated was M. smegmatis mc® 155. Cells
were cultured in Kohn-Harris succinate (1% w/v) Tween
80 (0.1% v/v) medium (K-HTM) (Gonzalez-y-Merchanol
et al., 1998). Cells were grown at 37°C while shaken at 200
rpm. In some cultures a sterile stainless steel spring 10 cm
long and 1.3 cm in diameter (Alliance Spring Co., UK) was
present in order to reduce cell aggregates and maximize
homogeneity. The spring has a vigorous movement that in-
creases the agitation of the growth medium.

A single colony of M. smegmatis mc* 155 was grown in 5
ml of K-HTM for two days. A dilution (1:200) of this cul-
ture in fresh K-HTM was incubated for approximately 20 h
until an ODgy of 0.3 ([720.4]x10” CFU/ml) was reached.
This second culture was used to inoculate the experimental
samples. An inoculum (0.4 ml) from the same culture was
added to each of 100 ml of K-HTM contained in a 250 ml
conical flask with or without a stainless steel spring. The
cultures were grown for 72 h and samples were removed
from the cultures at intervals of 4 h, while the temperature
was kept at 37°C. More than seven independent cultures
were examined and the results obtained were found to be
reproducible. Succinate as the sole source of carbon leads
to the release of ammonia (MacFaddin, 1980) which in-
creases the pH of the medium. Initially, the pH was 6.3+
0.05, which increased to 6.7+0.05 after 16 h and to 7.65+0.05
after 36 h.

Growth measurements

M. smegmatis growth was monitored by optical density
(ODe¢uo), dry cell mass, colony forming units per milliliter
(CFU/ml) and by flow cytometry (FCM). Dry cell mass was
measured by taking a 5 ml sample of the culture which was
then passed through a 0.22 um pore size nitrocellulose
membrane (Millipore, USA); mycobacterial cells retained
by the membrane were washed twice with 5 ml of deionized
water and the membranes loaded with cells were dried in
an oven at 90°C for 24 h then weighed with a OHAUS
VOYAGER digital balance with an accuracy of + 0.1 mg.
Colony forming units per ml of culture (CFU/ml) were de-
termined by plating appropriate dilutions. Ten-fold dilutions
(from 10" to 107) were made in sterile microtubes, pre-
viously packed with 300 ul of glass beads (150-212 um in
diameter, Sigma, USA) and 900 pl of a 0.05% (w/v) solution

of Tween 80. Each dilution was briefly vortexed in order to
reduce cell aggregation. Treatment with glass beads led to
higher values of CFU/ml with smaller standard deviations.

An aliquot of 100 pl was plated from the appropriate dilu-
tion (10" and 10 for the samples taken from a mycobacterial
culture of 0 h and 4 h of growth; 10~ to 10” for the samples
from a culture of 8 h to 20 h; and 10” to 107 for the samples
from a culture of 24 h to 72 h), on Middlebrook 7H11 agar
plus albumin/dextrose/catalase (ADC, Difco, USA). The
plates were incubated at 37°C for five days before quantify-
ing the CFU/ml. Colonies first became visible after three
days of plating.

Determination of cell viability by flow cytometry

For the viability staining of M. smegmatis, the Live/Dead
BacLight Viability kit (Molecular Probes Inc., USA) was
used. This kit contains a green fluorochrome SYTO 9 as a
marker for viable cells, and propidium iodide (PI) as a marker
for non-viable (membrane-compromised) cells. The fluo-
rochromes were used according to the manufacturer’s in-
structions; briefly, an eqéuimolar mix of both fluorochromes
was combined with 10° to 10° M. smegmatis cells/ml and
left at room temperature for 25 min. This sample was ana-
lyzed by FCM as described below. The total number of bac-
teria was determined by the Bacteria Counting kit (Molecular
Probes Inc.). This kit contains the fluorochrome SYTO BC
and a microsphere standard of 0.6 pum; both components
were combined with an appropriate M. smegmatis culture
dilution according to the manufacturer’s instructions. The
total number of M. smegmatis cells/ml was calculated using
the formula provided by the manufacturer. Fisher’s exact
test was used in order to statistically analyze the viability
results.

Flow cytometry (FCM) analysis

FCM analyses were performed on a FACS Calibur Flow
Cytometer (Becton Dickinson, USA) equipped with a 15 mW,
488 nm, air-cooled argon ion laser and a cell sorting catch-
ing tube. Cell samples were diluted to have approximately
10°-10° cells/ml and delivered at a low flow rate (12 ul/min).
Forward Scattered light (FSC), Side Scattered light (SSC) and
the two fluorescent signals (green and red) were measured.
A band pass filter of 530 nm (515-545 nm) was used to
collect the green fluorescence (FL1) and a band pass filter
of 585 nm (564-606 nm) was used to collect the yellow-or-
ange fluorescence (FL2). FSC was collected with a diode
detector. SSC and the fluorescence signals were measured
by photomultiplier tubes. Because of the small cell size, all
signals were collected by using logarithmic amplifications
of intensities and on each occasion at least ten thousand
events were analyzed. A combination of FSC and SSC was
used to discriminate bacteria from background, and a com-
bination of FL1 and FL2 was used to discriminate between
viable and non viable cells. Data were analyzed with the
CellQuest program (version 3.1f; Becton Dickinson, USA).

Transmission electron microscopy

Cells were harvested by centrifugation at 16,000xg, washed
in sterile phosphate buffered saline (PBS), and fixed in



Table 1. Properties of M. smegmatis mc” 155 grown in batch cultures
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Parameter property”

Cultures with spring

Cultures without spring

Exponential phase

w(h™h)P 0.200+0.004 0.196+0.009
to (h)® 3.48+0.262 3.53+0.107
w(h™)* 0.244+0.006 0.299+0.010
to (h)© 2.90+0.07 2.32+0.111
CFU/ODgyo (2.10+0.05)x10° (2.45+0.70)x10°
dry cell mass/CFU (pg/CFU) 3.95£1.05 3.54+0.98
Stationary phase

CFU/ODéeso (6.3+0.7)x10° (1.91+0.46)x10°
dry cell mass/CFU (pg/CFU) 0.631+0.092 0.508+0.088

*Values represent the mean of at least four independent cultures+one standard deviation. tp, generation time. y, specific growth rates. ® Calculated from data for ODgy. Values rep-

resent the mean. “ Calculated from data for CFU/ml (see Fig. 1B).

2.5% glutaraldehyde/0.1 M sodium phosphate (v/v) for 1 h.
Cells were recovered and resuspended in 1% osmium tetr-
oxide (w/v) for 1 h. Cells were then dehydrated through
treatment with a series of ethanol solutions (30%, 40%,
50%, 60%, 70%, 80%, and 90%; each treatment was per-
formed twice for 10 min each time). A final dehydration
step was done twice with 100% ethanol for 15 min. Samples
were embedded in an EPON 812 resin (EMS, USA). This
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Fig. 1. The growth of M. smegmatis mc* 155 at 37°C in cultures agitated
with and without a spring. (A) Measurements of cell growth by ODg4o.
The plot represents five independent experiments. The bar denotes + 1
standard deviation. (B) Measurements of CFU/ml of culture. The plot
represents four independent experiments. The bar denotes+1 standard
deviation. Open circles denote cultures grown without a spring. Filled
circles denote cultures grown with a spring.

resin was polymerized at 60°C for 24 h. Resin blocks were
cut in a LEICA Ultracut UCT ultratome to 70 nm thick-
ness, placed on copper, 200 mesh grids (EMS) and stained
with 30% uranyl acetate (w/v) / 70% methanol (v/v) and
counterstained with Reynold’s lead citrate buffer. Samples
were examined using a Jeol JEM-1010 Transmission Electron
Microscope with an acceleration voltage of 60 kV.

Results

Growth curves (0-72 h) for cells grown with and without
the aid of a spring are presented in Fig. 1. The dependence
of ODg4 on incubation time is shown in Fig. 1A and the
corresponding measurements for CFU are shown in Fig.
1B. A lag phase of at least 4 h was observed even though
the inoculum was obtained from exponentially growing
cultures and the fresh medium was pre-heated to 37°C.
Exponential phase extended over a period of at least 12 h
from 12 h-24 h after inoculation. Entry into stationary
phase was observed after 28 h as judged by ODs49 measure-
ments [see Fig. 1A]. The increase of CFU/ml in stationary
phase when ODgy increased very little or even decreased,
suggests that although the overall biomass/ml remained
largely unchanged, the number of cells/ml increased as the
mass/cell diminished (see Table 1). Properties of M. smeg-
matis mc> 155 grown in batch cultures with and without
the aid of a spring are summarized in Table 1. The specific
growth rates (1) in exponential phase were found to be very
similar for both conditions of culture, as judged by ODe4o
measurements. However, the profiles of CFU versus time
yielded different values of specific growth rate (u) depending
on whether or not a spring was used.

The specific growth rate measured by ODgyo reflects the
rate at which cell mass is replicated; cell mass is dependent
on both the number and sizes (mass) of the cells. The use
of a spring had little or no effect on the specific growth rate
measured ODgy (see Table 1) and therefore no effect on
the rate of synthesis of cell mass. In contrast, the specific
growth rate measured by CFUs depends only on the number
of cells (the CFUs). Ideally, this method should reflect the
generation time of the cells under scrutiny. It was found
(see Table 1) that the use of a spring increased the generation
time by about 25%.
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Fig. 2. Profiles of granularity and size of cells grown with
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and without a spring. Cell samples were taken after 16 h
incubation at 37°C. The ordinate (cell counts) denotes
single events. The profiles of events versus forward scatter
(FSC-H) reflect the size of cells. The profiles of counts
versus side scatter (SSC-H) reflect the granularity of cells,
(A), cells grown without a spring; (B), cells grown with a
spring. At least ten thousand events were analyzed in
4 each sample.
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We propose that these observations can be reconciled in
the following way, remembering that the use of a spring
had no effect on the rate of cell mass synthesis. We suppose
that the spring affects the distribution of cell mass and not
the total amount by stimulating the synthesis of a fewer
number of larger cells. Although the larger cells contribute
more to ODgy than smaller cells, the fewer number of larger
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cells keeps the cell mass per ml the same as for cultures
grown without a spring. Because the spring has no effect
on the rate of synthesis of cell mass, the larger cells will re-
quire a longer generation time, as was shown by the CFU-
based measurements. Furthermore, the ratio of the gen-
eration times should, in this case, provide an estimate of
the ratio of the cell sizes.

Fig. 3. Viability of cells grown with and without spring.
In each case the inoculum was a sample (ODj4=0.3) taken
from a culture grown without a spring. These samples
were not diluted for fluorescence measurements. All other
samples were diluted one hundred fold. The times (h) after
inoculation at which the samples were taken are shown.
Abscissa (FL2-H) indicates the measurement of red fluo-
rescence while ordinate depicts (FL1-H) measurement of
green fluorescence. Viable cells take up green stain more
strongly than red stain. Dead or dying cells take up red
more strongly than green stain. Note that few dead or
dying cells were found after cultures were grown with a

spring.

*Viable cells; " dead or dying cells.
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Fig. 4. Electron micrographs of samples of M. smegmatis mc* 155.
Samples (A), (B), and (C), respectively, were obtained from a culture
grown without a spring for 12 h (exponential phase), 24 h (exponential
phase), and 36 h (stationary phase) after inoculation. Samples (D), (E),
and (F), respectively, were obtained from a culture grown with a spring
for 12 h, 24 h, and 36 h after inoculation. Magnification was x10,000; in
each case the bar represents 0.5 um. For the growth curve see Fig. 5.

The properties of exponentially growing cultures revealed
by FCM were found to support the notion that a population
of larger cells was obtained when growth was aided by the
use of a spring (see Fig. 2B, lower left). The profile of counts
(events) versus forward (0°) scattered light (FSC-H) provides
a measure of the distribution of cell sizes within a cultured
population of mycobacteria. The profile of side (90°) scat-
tered light (SSC-H) measures the internal and surface com-
plexity of cells. The profiles of FSC-H and SSC-H observed
for cultures grown with a spring indicates that the cell pop-
ulation was more homogeneous and the cells were larger
than the cell population obtained without the use of a spring.

Dead (or badly damaged) cells were found to be present
in exponential phase when cells were grown without a
spring and to be almost absent from the exponential phase
when grown with a spring, as shown by FCM (Fig. 3). As
few as 0.4% dead cells were found to be present in bacterial
cultures agitated with a spring, compared with 1.7% found
in cultures without a spring (p<0.05).

Examination of cell morphology by electron microscopy
(Fig. 4) revealed that M. smegmatis mc* 155 grew as slender
rods of variable length and constant diameter. Exponential
phase mycobacteria cultured with the aid of a spring showed
dimensions of 0.3-0.4 pmx4.4 pm (upper limit). Cells of
similar dimensions were observed for M. smegmatis grown
in Middlebrook 7H9 broth (Dr. S. A. Sattar, The Centre for
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Research on Experimental Microbiology, The University of
Ottawa; unpublished results) and viewed by scanning elec-
tron microscopy; namely 0.3-0.4 umx4.3 pm. In contrast,
the larger cells observed without a spring were 0.3-0.4
pumx2.7 um (38.6 rate of decrease in total length).

Discussion

The tendency of M. smegmatis cells to clump in minimal
medium was described previously (Smeulders et al., 1999),
where it was found ‘that the clumps become larger as ex-
ponential phase progresses, and they become more compact
after entry into stationary phase’. Examination, by phase
contrast microscopy, of culture samples grown with 0.1%
Tween 80 but without a spring revealed large clumps of
cells and few single cells, in accord with the observations of
Smeulders et al. (1999). In contrast, some clumps of a few
cells and many single cells were found in cultures grown
with 0.1% Tween 80 and the spring (data not shown). Besides,
the measurements of p cited in Table 1 are consistent with
the observations that cells grown with the aid of a spring
were larger than those grown without it.

In an ideal case, the dry cell mass/CFU is equal to the dry
cell mass/cell. The dry cell mass for an E. coli cell ranges
from 0.204 pg to 0.918 pg according to the specific growth
rate (Bremer and Dennis, 1996). The dry cell mass of M. smeg-
matis (1=0.244/h) would be expected to lie within this range.
However, the observed values (see Table 1) of 3.95+1.05
pg/CFU and 3.54+0.98 pg/CFU for exponential phase are
higher than those expected for single cells. Values of 2.8-6.4
pg/CFU were reported for M. tuberculosis grown exponen-
tially in a chemostat (James et al., 2000). High values of dry
cell mass/CFU indicative of either large aggregates of cells
or dead cells, or both, were reported (Beste et al., 2005) for
M. bovis BCG Pasteur grown in a chemostat; namely, 69
pg/CFU (p=0.03/h) and 13.5 p/CFU (p=0.01/h). In contrast,
the values of 0.631+0.092 pg/CFU and 0.508+0.088 pg/CFU
obtained for stationary phase cells of M. smegmatis are closer
to values expected for single cells.

Except during lag phase, we observed a high correlation
between CFU and viability measured by FCM when cultures
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Fig. 5. Correlation between the number of viable cells/ml (FCM) and the
number of CFU/ml of M. smegmatis cultures grown with a spring. Open
circles represent viable cells/ml and filled circles represent CFU/ml.
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were grown with a spring (Fig. 5). Hence, we found it both
simpler and quicker to measure cell viability by FCM rather
than by CFU. The differences noticed in lag phase appear
to reflect the differences in the procedures followed. The 5
days of incubation in a rich medium, which is needed for
measurements of CFU, may allow time for damaged cells
present in the inoculum to recover and form colonies: such
cells are not included in measurements of viable cells.

The long, thin rod shape of M. smegmatis provides the
cell with a high surface area-to-volume ratio which is a fa-
vorable property for a bacterium with a cell envelope that
has a low surface density of porin channels (Stephan et al.,
2005).

There was a high concordance among different parameters
used (CFU, DCM, EM, and FCM), for example, the partic-
ularly large size of M. smegmatis cells growing with the aid
of the spring at log phase, is shown in Table 1 (DCM) and
Figs. 2B and 4E. The lengthy and laborious procedures of
most approaches mentioned above, except FCM, emphasize
the potential benefits of using FCM to study mycobacterial
viability and physiological parameters throughout a growth
curve. Furthermore, FCM is not only a rapid (a few min)
and reproducible approach, but is also economical since
just two samples provide us with data concerning cell size,
percentages of live and dead cells, and cellular complexity
for a given population of bacteria.

Mycobacterial cells have a tendency to clump during cell
culture. Tween 80 is often added to the growth medium to
reduce aggregation but clumps of up to twenty or so cells
persist (James et al., 2000). In our experience stirrer bars
offer no benefit over shaking in reducing aggregation. We
have shown that the use of a spring reduces aggregation
below the level observed by the use of Tween 80 alone. The
spring visibly increases the agitation of the growth medium
because of its rapid reciprocating motion. Two methods
suitable for FCM studies of M. tuberculosis have been
described. One procedure (James et al., 2000) requires that
the flow cytometer be housed under level 3 containment
conditions. The second method (Moore et al., 1999) uses
fixation with 1% (w/v) paraformaldehyde to inactive the
pathogen and thereby allow the samples to be removed from
containment. In conclusion, we have shown that FCM
constitutes a powerful tool for revealing growth profiles of
mycobacterial cell populations, providing several advan-
tages over other methods due to its rapid measuring, high
sensitivity and reproducible results. These procedures may
aid us to characterize mycobacterial and other fastidious
bacterial cultures in a fast and simple fashion.
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