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A series of structome analyses, that is, quantitative and three-dimensional structural

analysis of a whole cell at the electron microscopic level, have already been achieved

individually in Exophiala dermatitidis, Saccharomyces cerevisiae, Mycobacterium

tuberculosis, Myojin spiral bacteria, and Escherichia coli. In these analyses, sample

cells were processed through cryo-fixation and rapid freeze-substitution, resulting in

the exquisite preservation of ultrastructures on the serial ultrathin sections examined by

transmission electron microscopy. In this paper, structome analysis of non pathogenic

Mycolicibacterium smegmatis, basonymMycobacterium smegmatis, was performed. As

M. smegmatis has often been used in molecular biological experiments and experimental

tuberculosis as a substitute of highly pathogenic M. tuberculosis, it has been a task

to compare two species in the same genus, Mycobacterium, by structome analysis.

Seven M. smegmatis cells cut into serial ultrathin sections, and, totally, 220 serial

ultrathin sections were examined by transmission electron microscopy. Cell profiles were

measured, including cell length, diameter of cell and cytoplasm, surface area of outer

membrane and plasma membrane, volume of whole cell, periplasm, and cytoplasm,

and total ribosome number and density per 0.1 fl cytoplasm. These data are based on

direct measurement and enumeration of exquisitely preserved single cell structures in

the transmission electron microscopy images, and are not based on the calculation or

assumptions from biochemical or molecular biological indirect data. All measurements in

M. smegmatis, except cell length, are significantly higher than those of M. tuberculosis.

In addition, these data may explain the more rapid growth of M. smegmatis than
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M. tuberculosis and contribute to the understanding of their structural properties, which

are substantially different from M. tuberculosis, relating to the expression of antigenicity,

acid-fastness, and the mechanism of drug resistance in relation to the ratio of the

targets to the corresponding drugs. In addition, data obtained from cryo-transmission

electron microscopy examination were used to support the validity of structome analysis.

Finally, our data strongly support the most recent establishment of the novel genus

Mycolicibacterium, into which basonym Mycobacterium smegmatis has been classified.

Keywords:Mycolicibacterium smegmatis, Mycobacterium tuberculosis, structome analysis, cryo-fixation, freeze-

substitution, serial ultrathin sectioning, transmission electron microscopy, ribosome enumeration

INTRODUCTION

Mycolicibacterium smegmatis is a rapid-growing bacterium
and previously belonged to the genus Mycobacterium as
basonym Mycobacterium smegmatis, to which many pathogenic
mycobacteria, including M. tuberculosis, a causative agent of
tuberculosis, and M. leprae, a causative agent of leprosy, are
belonging (Gupta et al., 2018; Oren andGarrity, 2018). Therefore,
M. smegmatis has been quite often used as substitute for
M. tuberculosis or M. leprae in studies, especially in the field of
molecular biology, and there are a number of literature (Bashiri
and Baker, 2015; Brown-Elliott and Philley, 2017), more than

15 papers, listed only in 2018 (Angara et al., 2018; Burian and
Thompson, 2018; Chandran et al., 2018; Chen et al., 2018; Dal
Molin et al., 2018; Ghosh et al., 2018; Goins et al., 2018; Jesus
et al., 2018; Kaur et al., 2018; Kumar et al., 2018; Lopez et al.,
2018; Marney et al., 2018; Mortuza et al., 2018; Richards et al.,
2018; Singh et al., 2018; Tsaloglou et al., 2018; Verma et al., 2018).

We have already reported structome analysis data on

Exophiala dermatitidis (Yamaguchi, 2006), Saccharomyces

cerevisiae (Yamaguchi et al., 2011), M. tuberculosis (Yamada
et al., 2015), Myojin spiral bacteria (Yamaguchi et al., 2016b),
Escherichia coli (Yamada et al., 2017), and Myojin amorphous
bacteria (Yamaguchi et al., 2018). In these previous studies,

samples were prepared through rapid-freezing and freeze-
substitution, and fundamental quantitative data of the single

cells were provided with examination of serial ultrathin
sections by transmission electron microscope (TEM), including

cell diameter, length, volume of whole cell and cytoplasm,

surface area, and cytoplasmic ribosome number. Because
yeast cells have a larger cell volume, they express a higher

number of total cytoplasmic ribosomes. However, E. coli has
much higher ribosome density despite lower total ribosome

number contained in a much smaller cytoplasm. In contrast,

M. tuberculosis, Myojin spiral bacteria, and Myojin amorphous
bacteria have much lower cytoplasmic ribosome density with
lower total ribosome number in a much smaller cytoplasmic
volume.

In this study, M. smegmatis structome analysis was done on
seven cells, which were contained in serial ultrathin sections
that spanned from one end to the other of the cell. The

Abbreviations:OM, outermembrane; PM, plasmamembrane; TEM, transmission

electron microscope.

analysis was performed in the same manner so to compare
it with M. tuberculosis structome data due to the fact that
M. smegmatis of lower pathogenicity has been used as a substitute
for the highly pathogenic M. tuberculosis in a large number of
molecular biological or molecular genetic experiments. Further
to this analysis, it was revealed that M. smegmatis had a
significantly larger cell volume, both whole cell and cytoplasm,
and significantly higher ribosome number and ribosome density
than M. tuberculosis. M. smegmatis is seen to be similar to
E. coli, rather than toM. tuberculosis, for these parameters. Upon
comparing with M. tuberculosis cells, no significant difference
was found in cell length alone.

In addition, as shown in the following text, using
exquisite TEM images obtained from serial ultrathin sections,
three-dimensional reconstructions were performed. In the
reconstruction process, the ribosome distribution in each of the
cytoplasm was clearly depicted in addition to the cell profiles.
This is the first report on the three-dimensional reconstruction
and ribosome-density enumeration of M. smegmatis cells based
on TEM examination of serial ultrathin sections as well as
ice-embedded whole mount cryoTEM observations.

MATERIALS AND METHODS

Bacteria
M. smegmatis (ATCC 19420) and M. tuberculosis H37Rv strain
(ATCC 27294) were cultured in 50ml of Middlebrook 7H9
(Becton Dickinson, Sparks, MD, USA), supplemented with
oleic acid, bovine albumin (Fraction V), dextrose, and catalase
(OADC, Becton Dickinson) enrichment and 0.05% Tween
80 (Sigma-Aldrich) contained in a 125-ml Erlenmeyer flask
with a plain bottom (Nalgene, 4112-0125, NY, USA). Cells in
the exponential growth phase were used. Aliquots (1ml) of
cultured cells were transferred directly to sterile microcentrifuge
tubes without washing with buffer solution and centrifuged
at 10,000 × g for 1min. Normally, 6ml of cultured cell
suspension was used. The supernatants were discarded, and
the remaining pellets were collected in two microcentrifuge
tubes.

Cryo-Fixation, Rapid Freeze-Substitution,
and Epoxy Resin Embedding
The sandwich method was performed as described previously
(Yamaguchi, 2006; Yamada et al., 2010, 2015, 2017; Yamaguchi
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et al., 2011). Briefly, a portion (<1 µl) of the highly concentrated
bacterial pellet, prepared as described above was applied to a glow
discharge-treated single-hole copper grid (Veco; hole size, 0.1-
mm diameter) (Yamaguchi et al., 2016a) and then sandwiched
with another glow discharge-treated single-hole grid. The grids
were then picked up with tweezers and frozen by plunging them
into mixture of melting propane and ethane cooled with liquid
nitrogen with Vitrobot Mark IV (FEI, Thermo Fischer Scientific,
USA). The pair of grids was transferred, detached in liquid
nitrogen, and immersed quickly in 2% osmium tetroxide/acetone
solution and then placed in the device described earlier and
cooled. Next, the samples were transferred from the bio-safety
facility and placed in a freezer at −85◦C for several days, after
which they were allowed to come to room temperature over
several days in a conventional area of the laboratory. Then,
the osmium tetroxide/acetone solution, was discarded, and the
samples were washed with absolute acetone three times at
room temperature. The samples were then embedded in Spurr’s
resin using Embedding Capsule Easy Molds (8-mm diameter,
Leica/LKB) and polymerized at 70◦C for 16 h.

Preparation of Serial Ultrathin Sections
and TEM Examination
Nearly 550 serial ultrathin sections with an average thickness of
40 nm were cut with an Ultracut E ultramicrotome (Reichert-
Jung Co., Vienna, Austria) equipped with a diamond knife and
then picked up using 10 single-slot copper grids with a slot
size of 2.0 × 1.0mm (Maxtaform HF49, Tonbridge, UK). The
serial ultrathin sections were then transferred onto a formvar
support film mounted on an aluminum rack with 20 pores of 4-
mm diameter. Then, the grids with the sections were then dried,
detached from the rack with the support of the formvar, and
stained with uranyl acetate and lead citrate (Yamaguchi et al.,
2009; Yamaguchi and Chibana, 2018). Of the 10 grids prepared,
serial 3 grids were subjected to TEM examination. Among these 3
grids, serial ultrathin sections containing 7 cells on one grid were
examined by TEM.

The TEM examinations were performed using a JEOL JEM-
1230 electron microscope operated at 120 kV equipped with
OSIS MegaView G2 (1K × 1K) CCD digital camera system
(Olympus, Japan). Serial sections spanning the cell from one
end to the other were searched at low magnification. Next, 7
cells in a total of 233 serial ultrathin sections were examined at
higher magnification (×30,000, × 60,000, or × 80,000). Images
were captured using iTEM software (OLYMPUS Soft Imaging
Solutions GmbH, Münster, Germany).

Whole-Mount Ice-Embedded CryoTEM
Examination
Part of M. smegmatis and M. tuberculosis prepared as described
earlier were fixed with 2.5% glutaraldehyde in phosphate buffer
(0.1M, pH 7.4) overnight at 4◦C, and rinsed 3 times with
distilled water. Two µL of the suspension was applied to a glow-
discharged carbon grid with holes (Quantifoil R© copper grids
R2/1, Quantifoil MicroTools, Jena, Germany) and mounted in
an environmentally controlled chamber at 100% humidity. The
excess water was removed by blotting, and the grids were frozen
in vitreous ice by plunging them into liquid ethane cooled with

liquid nitrogen using a Vitrobot Mark II (FEI, Hillsboro, OR,
USA). The grid was then transferred to a JEM-2200FS (JEOL)
cryo-TEM equipped with a field emission gun. The microscope
was operated at 200 kV acceleration voltage, and samples were
cooled during examination with liquid nitrogen in the single-tilt
nitrogen cryotransfer holder (Model 626, Gatan Inc., Pleasanton,
CA. USA) at−175.9 to −177.8◦C. Data were recorded with a 4k
× 4k on-axis CCD camera (F415MP, TVIPS, Gauting, Germany),
operated in a 2 × 2 hardware binning mode producing 2k ×

2k images. Focusing and tracking were performed with a 1k
× 1k off-axis CCD camera (Model F114, TVIPS) working in
a continuous 1-frame/s animated acquisition mode, combined
with a real-time Fourier transform display. Sample preparation
after glutaraldehyde fixation and examination with cryoTEM
were performed in the National Institute of Physiological Science
(Okazaki, Aichi, Japan).

Image Analysis and Ribosome
Enumeration
Images were saved as TIFF files and analyzed using ImageJ and
Fiji software (Schindelin et al., 2012). Briefly, cell length was
calculated by multiplying the number by 55 nm (representing the
thickness of each section). The diameter (minor and major axes),
perimeter, and thickness of the plasma membrane (PM), outer
membrane (OM), and cell envelope of each cell were measured
as a pixel value, using the line selection menu in the ImageJ/Fiji
window as well as a scale bar recorded on the same negative.
Measured pixel values were converted to µm or nm according
to the measured pixel value of the scale bar on the corresponding
negatives.

The cross-sectional area of each cell was determined using the
“Measure” command in the “Analyze” menu of ImageJ/Fiji, by
tracing the OM using the polygonal selection menu in the ImageJ
window and converting the area result mentioned into µm2 by
multiplying the square of the ratio of scale (nm) on the scanned
negative by its pixel value. The cross-sectional area of each cell’s
cytoplasm was determined by tracing the PM in a like manner.
The OM and PM surface areas (µm2) were calculated as the
cumulative area of a trapezium of the cell in each section using
the formula for calculating the area of a trapezoid, where the
perimeter of the OM and PM in a given section and the previous
section were used as the upper base and lower base, respectively,
and the section thickness (0.040µm [40 nm]) was used as the
height.

The volume (fl, = µm3) of each cell was calculated as the
cumulative volume of three-dimensional bodies having the OM-
or PM-lined cross-sectional area as the base and the section
thickness [0.040µm [40 nm]] as the height for the whole cell
volume and cytoplasmic volume, respectively. The volume of the
periplasm was calculated by subtracting the cytoplasmic volume
from the whole cell volume.

Ribosomes in the cytoplasm of the cell cross-section were
enumerated using the “Multi-point Tool” in ImageJ/ Fiji
(Schindelin et al., 2012). The total number of ribosomes in
each cell and the number of ribosomes per 0.1 fl of cytoplasm
were calculated based on the volume of each cell determined as
described earlier.
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FIGURE 1 | Images of ultrathin section and cryo-transmission electron microscopy (TEM) of M. smegmatis cells. (A) Two M. smegmatis cells processed through

rapid-freeze and freeze-substitution in an ultrathin section. (a,b) enlarged images of the selected field of view in (A). (a) Condensed DNA fiber (white arrow) and

ribosome particles (black arrowhead). In (b) Ribosome particles (black arrowhead) and plasma membrane (PM) and outer membrane (OM). (B) CryoTEM image of

M. smegmatis cells with varied cell lengths.

3D Reconstruction
Three-dimensional reconstruction was performed using
TrackEM2 program contained in Fiji/ImageJ software version
2.0.0-rc-43 /1.50e; Java 1.6.0_65[64-bit] (Fiji, RRID:SCR_002285,
ImageJ, RRID:SCR_003070) for seven cells. In addition, 3D
reconstruction of Cell 3 was tried with Amira 6.5.0 software
(Konrad-Zuse-Zentrum für Informationstechnik Berlin (ZIB),
Germany, and FEI SAS, a part of Thermo Fisher Scientific).

Statistics
Compared mean t-test and one-way ANOVA were performed
to compare differences in mean values. Statistical analyses
were performed using StatPlus:mac, AnalystSoft Inc.—statistical
analysis program for Mac OS R©. Version v6 (StatPlus Mac,
RRID:SCR_014635).

RESULTS

One-Dimensional Cell Properties
M. smegmatis cells were prepared through rapid-freezing
and freeze-substitution to obtain much more exquisite cell
images following epoxy resin embedding than those prepared
through conventional chemical fixation (Figure 1A). With this
preparation protocol, ultrastructures of cell were preserved with
extremely high-quality, where not only membrane structures, but
also every single ribosome can be examined and enumerated
separately. In addition, ice-embedded whole-mount CryoTEM
examination was performed (Figure 1B) to obtain cell profiles
in the most intact condition. Seven M. smegmatis cells were
examined on totally 220 serial ultrathin sections (Figure 2,
Videos S1–S6, Table 1). Cell lengths of the seven cells ranged
from 2.07 to 7.41µm with average ± standard deviation (SD)
as 3.54 ± 1.83µm. On the contrary, cell length measured in
CryoTEM examination for 61 M. smegmatis cells ranged from
1.08 to 6.27µm, with average 3.46 ± 1.40µm, which was similar
to serial ultrathin section examination (Table S1).

Cell diameter measured at OM and PM in serial ultrathin
sections ranged from 0.51 to 0.66 and from 0.49 to 0.63,
respectively, and the average values were 0.58 ± 0.05µm and
0.55± 0.05µm, respectively. In cell diameter, seven cells showed
similar values to each other. Then, the standard deviations
for both were small; less than 10% of averages (Table 1). On
the contrary, cell diameter measured in CryoTEM examination
ranged from 0.66 to 1.00µm with an average of 0.77 ± 0.08µm,
which was significantly larger than that of serial ultrathin sections
(0.58 ± 0.05µm, p < 0.000001, Table S1). The aspect ratio of
these seven cells was 6.27± 3.71.

These data were compared with those of M. tuberculosis and
E. coli cells, including data obtained from CryoTEM examination
(Table S1). In comparison of cell diameter, both average OM
(0.58 ± 0.05µm) and PM diameter (0.55 ± 0.05µm) of
M. smegmatis was significantly larger than that ofM. tuberculosis
(0.34 ± 0.03µm for OM and 0.30 ± 0.02µm for PM, p <

0.0001, respectively) and significantly smaller than that of E. coli
(0.89 ± 0.06µm, p < 0.0001). Furthermore, average whole cell
diameter ofM. smegmatis cell in cryoTEM (0.77 ± 0.08µm) was
significantly larger than that of M. tuberculosis (0.60 ± 0.06µm,
p < 0.0001). In cell length, whereas, there was no significant
difference between the three species in the serial ultrathin
sections, average length of M. smegmatis in cryoTEM (3.46 ±

1.40µm) was significantly longer than that of M. tuberculosis
(2.65 ± 0.74µm, p < 0.05). In aspect ratio, average aspect
ratio of M. smegmatis cells in serial ultrathin sections (6.27
± 3.71) was significantly higher than that of E. coli (2.84 ±

0.46, p < 0.001), whereas there was no significant difference
when compared with that of M. tuberculosis (8.24 ± 3.61, p >

0.3).
In addition, M. smegmatis expresses different morphological

phenotypes from M. tuberculosis in Ziehl-Neelsen staining,
and Gram staining, (Figure S1). In Ziehl-Neelsen staining,
M. smegmatis cells easily lost acid-fastness, and most cells were
positive in Gram staining, whereas most M. tuberculosis cells
preserved acid-fastness vividly and varied in stainability from
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FIGURE 2 | One of the representative images of serial ultrathin sections in seven M. smegmatis cells examined in structome analysis. Scale bar = 250 nm.

cell to cell in Gram staining (Figure S1). Difference in acid-
fastness betweenM. tuberculosis andM. smegmatis is attributable
to the differential expression of varied types of mycolic acid.
That is, α-cis/cis, methoxy cis, methoxy trans, keto cis, and keto
trans mycolic acids are primary contained in the cell wall of
M. tuberculosis, whereas the cell wall of M. smegmatis primarily
comprises of α-trans/trans, α’-cis, and epoxy transmycolic acids.
The α-trans/trans, α’-cis, and epoxy trans mycolic acids in
M. smegmatis have less carbon and shorter chain lengths than
those of mycolic acids contained in the cell wall ofM. tuberculosis
(Bhatt et al., 2005; Marrakchi et al., 2008; Vilvhéze and Kremer,
2017).

Two-Dimensional Cell Properties
Two-dimensional cell properties were measured. Using the
perimeter value of OM and PM measured by Fiji/ImageJ, total
areas of both surfaces were calculated. In seven M. smegmatis
cells embedded in serial ultrathin sections, the average OM
and PM surface areas were 5.62 ± 2.19 µm2 and 5.10 ± 1.95
µm2, respectively (Table 2). Both surface areas of M. smegmatis
were significantly larger than that of M. tuberculosis, 3.03 ±

1.33 µm2 and 2.67 ± 1.19 µm2, respectively (both p < 0.05,
Table S2). There were no significant differences in comparison
of surface areas between M. smegmatis and E. coli or between
M. tuberculosis and E. coli (Table S2).
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TABLE 1 | One-dimensional data of 7 M. smegmatis cells examined on serial ultrathin sections.

Cell Number of ultrathin sections examined Length (µm) Diameter (µm) Aspect ratio

OM (Cell) PM (Cytoplasm)

1 38 3.90 0.59 0.54 6.63

2 44 3.41 0.60 0.57 5.72

3 21 2.76 0.56 0.53 4.91

4 19 2.16 0.51 0.49 4.26

5 35 3.10 0.66 0.63 4.69

6 28 2.07 0.62 0.59 3.35

7 35 7.41 0.52 0.50 14.35

Average 3.54 0.58 0.55 6.27

SD 1.83 0.05 0.05 3.71

Min 2.07 0.51 0.49 3.35

Max 7.41 0.66 0.63 14.35

TABLE 2 | Two-dimensional data of 7 M. smegmatis cells examined on serial

ultrathin sections.

Cell Surface area (µm2)

OM PM

1 7.08 6.18

2 6.24 5.31

3 4.25 3.89

4 3.00 2.77

5 5.89 5.71

6 3.57 3.37

7 9.28 8.48

Average 5.62 5.10

SD 2.19 1.95

Three-Dimensional Cell Properties
Three-dimensional cell properties of seven M. smegmatis
cells were measured and calculated as described in Materials
and Methods (Table 3). Average whole cell volume was 0.91
± 0.37 fl. This value was significantly larger than that
of M. tuberculosis (0.29 ± 0.11 fl, p < 0.005, Table S3).
Average cytoplasmic volume was 0.77 ± 0.31 fl. This value
was also significantly larger than that of M. tuberculosis
(0.21 ± 0.09 fl, p < 0.005, Table S3). The OM, PM, and
periplasm volume in average were 0.01 ± 0.004 fl, 0.03
± 0.01 fl, and 0.10 ± 0.07 fl, respectively, and there
was no significant difference between M. smegmatis and
M. tuberculosis (Table 3 and Table S3). Finally, there were no
significant differences in all cell volume categories between
M. smegmatis and E. coli. It is suggested that M. smegmatis
cells are much more similar to E. coli cells than the cells of
M. tuberculosis, which had belonged to the same genus (Table 3
and Table S3).

In addition, M. smegmatis express different morphological
phenotypes from M. tuberculosis in cord formation as observed
on the colonies grown on solid medium (Figure S2). The

TABLE 3 | Three-dimensional data of 7 M. smegmatis cells examined on serial

ultrathin sections.

Cell Volume (fl)

Whole cell OM Periplasm PM Cytoplasm

1 1.06 0.01 0.19 0.03 0.82

2 0.95 0.01 0.10 0.03 0.81

3 0.69 0.01 0.08 0.02 0.58

4 0.44 0.01 0.03 0.01 0.38

5 1.07 0.01 0.07 0.03 0.96

6 0.62 0.01 0.04 0.02 0.55

7 1.55 0.02 0.19 0.04 1.30

Average 0.91 0.01 0.10 0.03 0.77

SD 0.37 0.00 0.07 0.01 0.31

M. tuberculosis cells on solid medium expressed highly organized
cord formation entirely, although the M. smegmatis colony
expressed cord formation partially (Figure S2).

Three-dimensional reconstitutions for seven M. smegmatis
cells were performed and these support the results obtained
from structome analysis that cell length varied from cell to cell
(Figure 3, Videos S7–S12).

Ribosome Enumeration
Cytoplasmic ribosome number was enumerated on each serial
ultrathin section for seven cells. Total ribosome number per
cell ranged from 5,430 to 12,930 with an average of 8,670
± 2,660 (Table 4). On the contrary, ribosome density per
0.1 fl cytoplasm ranged from 990 to 1,420 with an average
of 1,170 ± 180 (Table 4). As shown in Figure 3, ribosomes
were evenly distributed throughout the cytoplasmic space
in 3D reconstruction. The average total ribosome number
of M. smegmatis (8,670 ± 2,660) was significantly larger
than those of Myojin spiral bacteria (320 ± 120, p <

0.00001) and M. tuberculosis (1,670 ± 570, p < 0.0002), but
significantly smaller than E. coli (26,210 ± 4,020, p < 0.000001),
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FIGURE 3 | The 3D reconstruction of Cell 3 with visualization of cell profile and

cytoplasmic distribution of ribosomes.

E. dermatitidis (195,000 ± 91,100, p < 0.0005), and S. cereviciae
(195,000 ± 54,800, p < 0.000002, Table 5). In addition, average
ribosome density ofM. smegmatis (1,170± 180/0.1 fl cytoplasm)
was significantly higher than Myojin spiral bacteria (220 ±

120/0.1 fl cytoplasm, p < 0.000005), Myojin amorphous bacteria
(310 ± 40/0.1 fl cytoplasm, p < 0.000005), and M. tuberculosis
(720 ± 170/0.1 fl cytoplasm, p < 0.005), but significantly lower
than E. coli (2,840 ± 120/0.1 fl cytoplasm, p < 0.000001) and S.
cerevisiae (1,950± 100/0.1fl cytoplasm, p < 0.000001, Table 5).

DISCUSSION

One-Dimensional Cell Property
As shown in Table S1, the cell diameters of M. smegmatis cells
examined with both serial ultrathin sections and cryoTEM
were significantly larger than those of M. tuberculosis
cells. In addition, cell lengths of M. smegmatis cells
examined with cryoTEM were significantly longer than
those of M. tuberculosis cells. In comparison with E. coli
cells examined with serial ultrathin sections, the average

TABLE 4 | Total ribosome number and cytoplasmic ribosome density of 7

M. smegmatis cells examined on serial ultrathin sections.

Cell Ribosome enumeration

Total number per cell Density per 0.1

fl cytoplasm

Number per section

1 9,290 1,140 245

2 8,580 1,060 150

3 8,210 1,420 390

4 5,430 1,420 290

5 10,630 1,110 300

6 5,620 1,020 200

7 12,930 990 370

Average 8,670 1,170 280

SD 2,660 180 90

diameter of M. smegmatis cells was significantly smaller
than those of E. coli, whereas there was no significant
difference in average cell length between M. smegmatis and
E. coli.

As discussed in previous literature, cell division of
M. tuberculosis cells may occur without recognition of
the middle of the cell long axis because the length of the
longest cell was much more than twice of the length of the
shortest cell (Yamada et al., 2015). This phenomenon is much
more obvious in M. smegmatis cells because the length of
the longest cell was three times and six times longer than
the shortest cell in serial ultrathin sections and CryoTEM
examinations, respectively (Table S1). Asymmetric cell divisions
in M. smegmatis cell were reported previously. In a single
cell time-lapse observation, Aldridge et al. examined the
difference in elongation of two poles of the growing single cell,
where old, that is, mother’s pole elongates faster than new or
young pole, which has been generated during the previous
division. Then, cells with older growth poles elongate faster
than cells with younger growth poles. In addition, the birth
length of cells increases as the growth pole matures. Taken
together, these data suggest that as the growth pole matures,
cells elongate faster and are larger (Aldridge et al., 2012,
p.1).

Furthermore, Vijay et al. also examined the time-lapse
differential interference contrast microscopy of M. smegmatis
cells, and demonstrated that about 20% of the septating
M. smegmatis cells in the exponential phase population divided
asymmetrically and generated two daughter cells having different
cell lengths (Vijay et al., 2014). The authors confirmed the
phenomena by TEM examination. Our data confirm these
reports. On the contrary, the length of E. coli cells in serial
ultrathin sections ranged from 2.05 to 3.04, where the shortest cell
length was two-third (Yamada et al., 2017). This result indicates
that E. coli divide into equally half, and the examined cell in serial
ultrathin sections did not contain cells just divided (Table S1).
It revealed that the machinery of cell division in mycobacteria
completely differs from that of E. coli.
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TABLE 5 | Comparison of total ribosome number and cytoplasmic density in structome-analyzed microorganisms.

Microorganism Number of cells examined Ribosome enumeration

Average total ribosome number Cytoplasmic volume (fl) Average density (per 0.1 fl cytoplasm)

Myojin spiral bacteria1 6 320 ± 120a 0.18 ± 0.07 220 ± 120f

Myojin amorphous bacteria2 10 1,150 ± 370b 0.37 ± 0.09 310 ± 40f

M. tuberculosis3 5 1,670 ± 570b 0.21 ± 0.09 720 ± 170g

M. smegmatis 7 8,670 ± 2, 660 0.77 ± 0.31 1,170 ± 180

E. coli6 9 26,120 ± 4, 000c 0.90 ± 0.16 2,840 ± 120h

E. dermatitidis4 5 195,000 ± 91, 100d 17.1 ± 6.3 1,100 ± 150

S. cerevisiae5 6 195,000 ± 54, 800e 10.0 ± 2.6 1,950 ± 100h

ap < 0.00001.
bp < 0.0002.
cp < 0.000001.
dp < 0.0005.
ep < 0.000002.
fp < 0.000005.
gp < 0.005.
hp < 0.000001.
1Yamaguchi et al. (2016b).
2Yamaguchi et al. (2018).
3Yamada et al. (2015).
4Yamaguchi (2006).
5Yamaguchi et al. (2011).
6Yamada et al. (2017).

Two-Dimensional Cell Properties
This is the first report on the surface area of the M. smegmatis
cells. The OM and PM cell surface areas of seven M. smegmatis
cells ranged from 3.00 to 9.28µm2, with an average of 5.62± 2.19
µm2 and ranged from 2.77 to 8.48 µm2, with an average of 5.10
± 1.95 µm2, respectively. These values are approximately twice
of those of M. tuberculosis, and the differences were significant
(p < 0.05, Table S2). This suggests that if M. tuberculosis cell
surface antigens expressed in M. smegmatis cells, the numbers
of antigen molecules in single M. smegmatis cell may double at
least compared to those of M. tuberculosis. In the circumstance,
the gene(s) fromM. tuberculosis transferredM. smegmatis cannot
be used as a real substitute of M. tuberculosis because of the
difference in substantial number of antigen molecules in a single
cell even if the two species belong to the same genus and share
a phyletic affinity. There were no significant differences between
M. smegmatis and E. coli, suggesting that M. smegmatis cells
may be much more similar to E. coli cells morphologically than
M. tuberculosis cells.

Three-Dimensional Cell Properties
Average whole cell and cytoplasmic volume ofM. smegmatis cells
in serial ultrathin sections were 0.91 ± 0.37 fl and 0.77 ± 0.31
fl, respectively (Table 3). These values are approximately three
times larger than those of M. tuberculosis, and the differences
were significant (p < 0.005, Table S3). It is suggested that
M. tuberculosis-gene transferred M. smegmatis cell can contain
three times more molecules than the parental M. tuberculosis
cell. Based on these results, if in vivo or in vitro experiments are
performed using M. tuberculosis-gene transferred M. smegmatis,
interpretation of the results should be considered carefully and
should not be directly extrapolated to M. tuberculosis infection.
In the cell volume analysis in serial ultrathin sections, there

were no significant differences betweenM. smegmatis and E. coli
(Table S3).

Together with surface areas of OM and PM described earlier,
the volume of OM, periplasm, and PM of M. smegmatis cells
were calculated from perimeter and serial ultrathin section
thickness in TEM images. Compared with the M. tuberculosis,
the volume of the perimeter and PM of M. smegmatis cells were
1.5 times larger than M. tuberculosis, but the differences were
not significant. These evidences suggest that singleM. smegmatis
cells can contain a maximal of 1.5 times more molecules in the
periplasm and in the PM thanM. tuberculosis cells.

Total Enumeration and Cytoplasmic
Density of Ribosomes
Structome analysis data have been already reported in six species,
including two yeast species and four bacterial species (Table 5)
(Yamaguchi, 2006; Yamaguchi et al., 2011, 2016b, 2018; Yamada
et al., 2015, 2017). Because total ribosome number per cell can
differ from cell to cell according to the volume of cytoplasm with
a large standard deviation, even if the cells would belong to the
same strain, the value is not appropriate to be used in comparison
between species or strains.

On the contrary, it has been revealed that ribosome density
per unit volume of cytoplasm is specific to the species or the
strain with an extremely small standard deviation (Table 5)
(Yamaguchi, 2006; Yamaguchi et al., 2011, 2016b, 2018; Yamada
et al., 2015, 2017). Average total cytoplasmic ribosome number of
M. smegmatis cells was 8,670± 2,660. This value was significantly
more than Myojin spiral bacteria and M. tuberculosis, but
significantly less than E. dermatitidis, S. cerevisiae, and E. coli
(Table 5). However, average cytoplasmic ribosome density of
M. smegmatis cells was 1,170 ± 180 per 0.1 fl cytoplasm, and
this value was significantly more than Myojin spiral bacteria,
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FIGURE 4 | Correlation curve between ribosome density per 0.1 fl cytoplasm and doubling time (min). Correlation curve was drawn based on known doubling time

and ribosome densities per 0.1 fl cytoplasm enumerated in previous structome analysis of E. coli, M. tuberculosis, and S. cereviciae. Number in parenthesis indicates

ribosome density per 0.1 fl cytoplasm (left) and doubling time (min) (right). Underlined doubling time (min) in species with unknown doubling time, Myojin spiral

bacteria, Myojin amorphous bacteria, E. dermatitidis, and M. smegmatis were calculated based on the formula y = 4998.5e−0.002x.

Myojin amorphous bacteria, andM. tuberculosis, but significantly
less than S. cerevisiae and E. coli. It is then surprising that there
was only a small difference in average cytoplasmic ribosome
density between M. smegmatis and yeast E. dermatitidis, which
had nearly 200,000 total ribosomes in the cytoplasm (Yamaguchi,
2006, Table 5 and Figure 4). M. smegmatis cells had volume of
cytoplasm and ribosome density much more similar to E. coli
cells than M. tuberculosis cells. These results supported that
M. smegmatis and E. coli have multiple copy number of rrn, gene
encoding rRNA, whereas M. tuberculosis has only a single copy
(Gonzalez-y-Merchand et al., 1999; Roller et al., 2016).

Srivastava et al. established an approach to reconstitute
mycobacterial protein translation in E. coli cells in vitro
(Srivastava et al., 2016). Authors usedM. tuberculosis translation
factors (TF),M. smegmatis aminoacyl tRNA synthetases (AARSs)
mixture, M. smegmatis tRNAs, M. smegmatis ribosomes,
E. coli energy regeneration enzymes, E. coli methionyl tRNA
formyltransferase, T7 RNA polymerase, and some small
molecules and buffers. When ribosomes of M. smegmatis and
tRNA, AARSs, and TF of E. coli were used, the relative reporter
activity was nearly 30% of complete E. coli cells. The evidence
supports our data that the cytoplasmic ribosome density of
M. smegmatis was one-third of that of E. coli (Table 5). However,
Srivastava et al. used ribosomes at a molar concentration of
2.4µM (Srivastava et al., 2016). This value means 1.4 × 1011

ribosomes molecules per 0.1 fl, which is 108 and 107 times more
density than the actual ribosome density per 0.1 fl cytoplasm
of M. smegmatis and E. coli cells, respectively. It is intriguing

that this huge number of ribosomes may be acceptable in
experimental conditions.

On the contrary, it has been demonstrated that M. smegmatis
ribosomes have a unique structural property in 3D architecture
through cryo-TEM mapping (Shasmal and Sengupta, 2012; Yang
et al., 2017). Compared with E. coli ribosome proteins, 11
ribosome proteins of M. smegmatis were longer than those of
E. coli, with more than 14 amino acid extensions.

As mentioned in our previous paper, there is a close
correlation between ribosome density and doubling time (min)
(Yamada et al., 2017). According to data obtained from this study,
the correlation chart was revised as shown in Figure 4 based
on the known doubling time data in E. coli, S. cerevisiae, and
M. tuberculosis (Cox, 2004; Papagiannakis et al., 2017).

In E. coli, there are many studies that address the relationship
between ribosome number and doubling times (Dennis, 1972;
Dennis and Bremer, 1974; Cox, 2003; Bakshi et al., 2012;
Milo and Phillips, 2016), which support the results of this
study. On the contrary, in M. smegmatis, there are few
studies that have examined the relationship between ribosome
density and the doubling time. Liu et al. observed ribosome
content, not ribosome density, in the ultrathin sections of
chemically fixed samples, which were genetically engineered
to overexpress Rv2629 (Liu et al., 2017). The data cannot be
compared with our data because our samples were prepared
through rapid-freezing and freeze-substitution, and ribosome
density was calculated by direct enumeration of cytoplasmic
ribosome number and volume of cytoplasm in serial ultrathin
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sectioning spanning a cell from one end to the other
end.

Furthermore, Zhu and Dai reviewed the correlation of
protein synthesis rate and ribosome content with growth rate
in E. coli, mycobacterial species, and S. cerevisiae (Zhu and
Dai, 2018). However, because these ribosome quantifications
were described as ribosome content derived from a population
of microorganisms, and not ribosome density obtained from
direct enumeration through TEM examination of serial ultrathin
sections in a single cell, quantifications were much less accurate
than our structome analysis.

It is possible to estimate doubling time of viable, but non
culturable microorganisms from cytoplasmic ribosome density
obtained from structome analysis using the formula y =

4998.5e−0.002x, where x is ribosome density per 0.1 fl cytoplasm
and y is doubling time (min), respectively.

CONCLUSIONS

It is revealed that although M. smegmatis had belonged to
the genus Mycobacterium, M. smegmatis is less similar to
M. tuberculosis in the aspect of cell biology with significant
differences, including acid-fastness, cell diameter, cell length,
surface areas, cell volume, total ribosome number, and ribosome
density. Most recently, genus Mycobacterium has been divided
into an emended genus Mycobacterium and four novel
genera, Mycolicibacterium gen. nov., Mycolicibacter gen. nov.,
Mycolicibacillus gen. nov., and Mycobacteroides gen. nov.
corresponding to the “Fortuitum-Vaccae,” “Terrae,” “Triviale,”
and “Abscessus-Chelonae” clades, respectively (Gupta et al., 2018;
Oren and Garrity, 2018).

Non pathogenic M. smegmatis has been used as a surrogate
of highly pathogenic M. tuberculosis because non pathogenic
M. smegmatis can be easily and freely used in the biosafety
level 1 laboratory, whereas highly pathogenic M. tuberculosis
must be strictly manipulated in the biosafety level 3 laboratory.
Single M. smegmatis cells expressing twice the number of
M. tuberculosis antigens can elicit excess host cell responses
compared with the nativeM. tuberculosis. The more the antigens
that can be contained in their cell surface, the more the host
cell response that can be elicited. In addition, M. smegmatis
cell contains different mycolic acid species. This means that
M. smegmatis cell can contain different antigenic molecules,

both in quality and in quantity from M. tuberculosis. Therefore,
it is not appropriate to use M. smegmatis as surrogate of
M. tuberculosis in the investigation of the pathogenicity or
virulence of M. tuberculosis. M. smegmatis has been classified
to novel genus Mycolicibacterium, which is different from genus
Mycobacterium. This means usage ofM. smegmatis as a surrogate
of M. tuberculosis is not appropriate. The M. bovis BCG strains
are more appropriate to be used as surrogates despite of RD1
deletion, which must be manipulated in the biosafety level 2
facility.

We propose that data obtained from the experiments with
M. smegmatis should be interpreted as those from a completely
distinct species or genus from M. tuberculosis, and that it is
critical to perform structome analysis aiming at the investigation
of quantitative single-cell properties and the establishment
of species-specific cell properties based on the ultrastructural
images.
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