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Abstract

We previously reported the exquisite preservation of the ultrastructures of virulent Myco-
bacterium tuberculosis cells processed through cryofixation and rapid freeze substitution.
Here, we report the “structome” analysis (i.e., the quantitative three-dimensional structural
analysis of a whole cell at the electron microscopic level) of virulent M. tuberculosis using
serial ultrathin sections prepared after cryofixation and rapid freeze substitution and ana-
lyzed by transmission electron microscopy. Five M. tuberculosis cells, which were con-
tained in the serial ultrathin cross sections encompassing from one end to the other, were
cut into 24, 36, 69, 55, and 63 serial ultrathin sections, respectively. On average, the cells
were 2.71 £ 1.05 pm in length, and the average diameter of the cell was 0.345 + 0.029 ym.
The outer membrane and plasma membrane surface areas were 3.04 + 1.33 um? and
2.67 + 1.19 ym?, respectively. The cell, outer membrane, periplasm, plasma membrane,
and cytoplasm volumes were 0.293 + 0.113 fl (= um?), 0.006 + 0.003 fl, 0.060 + 0.021 fl,
0.019+£0.008 fl, and 0.210 + 0.091 fl, respectively. The average total ribosome number
was 1,672 + 568, and the ribosome density was 716.5 + 171.4/0.1 fl. This is the first report
of a structome analysis of M. tuberculosis cells prepared as serial ultrathin sections follow-
ing cryofixation and rapid freeze substitution and examined by transmission electron mi-
croscopy. These data are based on the direct measurement and enumeration of exquisitely
preserved single-cell structures in transmission electron microscopy images rather than
calculations or assumptions from indirect biochemical or molecular biological data. In
addition, these data may explain the slow growth of M. tuberculosis and enhance under-
standing of the structural properties related to the expression of antigenicity, acid-fastness,
and the mechanism of drug resistance, particularly in regard to the ratio of target to

drug concentrations.
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Introduction

Bacteria can be observed with the naked eye as turbidity in a liquid medium or as colonies on
the surface of a solid medium. Under light or fluorescent microscopic analysis, bacteria appear
as stained or fluorescence-emitting small round cocci or rod-shaped bacilli. These macroscopic
and microscopic observations are equivalent to observing the biosphere from an aircraft flying
at high altitude or observing large animals or tall plants on the earth’s surface from an aircraft
at low altitude. Although such observations provide surficial and numerical information useful
for scientific and clinical investigations, they reveal only limited superficial information regard-
ing individual bacterial cells. Biological phenomena occur in the cell envelope and cytoplasm
of bacteria; therefore, we must utilize electron microscopy, particularly transmission electron
microscopy (TEM), to observe the ultrastructure of bacteria in detail. Although TEM examina-
tions of bacteria provide a variety of information, in general these examinations are highly
qualitative because the intact cytoplasmic ultrastructure is poorly preserved by conventional
chemical fixation, which makes it difficult to perform quantitative analyses.

Recent reports have revealed that cryofixation (CRF) and rapid freeze substitution (RFS)
provide exquisite preservation of whole yeast and bacterial cells [1-8]. The authors of these
studies examined various cellular properties and components using CRF-RFS-processed epoxy
resin-embedded samples. Yamaguchi ef al. determined the number and volume of organelles,
including the mitochondria, endoplasmic reticulum, Golgi apparatus, and ribosomes using se-
rial ultrathin sections of yeast cells. They proposed the term “structome” for this technique,
which is defined as the ‘quantitative and three-dimensional structural information of a whole
cell at the electron microscopic level’ [3, 5].

Mycobacterium tuberculosis, which is the causative agent of tuberculosis, contains a single,
circular, double-stranded DNA molecule consisting of approximately 4.3 million base pairs,
located in the cytoplasm [9]. Several investigators have calculated and estimated the number of
mycobacterial cell components, including ribosomes, based on molecular biological and bio-
chemical evidence [10-14].

Here, we report the results of a structome analysis of individual M. tuberculosis cells. M.
tuberculosis cells were preserved by CRE-RFS and prepared for examination as serial ultrathin
sections of epoxy resin-embedded cells. Cellular properties, including size, surface area, and
volume, were directly measured based on electron micrographs, and the ribosomes scattered
throughout the cytoplasm were enumerated. The ribosome density (number per 0.1 fl of cyto-
plasm) for M. tuberculosis was calculated and compared to that determined for yeast cells [2, 5]
as well as previously published estimations [10-14]. This is the first report of a structome anal-
ysis of individual M. tuberculosis cells using serial ultrathin sections and direct enumeration.
These data will aid future investigations of the fundamental cell biology, pathogenesis, and
drug resistance of M. tuberculosis.

Materials and Methods
Bacteria

M. tuberculosis H37Rv (ATCC 27294) was cultured in 50 ml of Middlebrook 7H9 (Becton
Dickinson, Sparks, MD, USA) supplemented with albumin (Fraction V), dextrose, and catalase
enrichment (Becton Dickinson) and 0.05% Tween 80 contained in a 125-ml Erlenmeyer flask
with a plain bottom (Nalgene, 4112-0125, NY, USA) for 2 weeks. Exponentially growing cells
were used. Aliquots (1 ml) of cultured cells were transferred to sterile microcentrifuge tubes
and centrifuged at 10,000 x g for 1 min. Usually, we used 6 ml of cultured cell suspension. The

PLOS ONE | DOI:10.1371/journal.pone.0117109 January 28, 2015 2/14



@‘PLOS | ONE

Structome Analysis of Virulent Mycobacterium tuberculosis

supernatants were discarded, and the remaining pellets were collected in two microcentrifuge
tubes.

CRF-RFS and epoxy resin embedding

The sandwich method was performed as described previously [2-7]. Briefly, a portion (<1 pl)
of the highly concentrated bacterial pellet prepared as described above was applied to a glow-
discharge-treated single-hole cupper grid (Veco; hole size, 0.1-mm diameter) and then sand-
wiched with another glow-discharge-treated single-hole grid. The grids were then picked up
with tweezers and frozen by plunging them into melting propane (propane cooled with liquid
nitrogen in a cooling device) for 20 seconds, as described previously [5]. The pair of grids was
transferred, detached in liquid nitrogen, and immersed quickly into 2% osmium tetroxide/ace-
tone solution and then placed in the device described above 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 Leica/LKB Embedding Capsule Easy Molds (8-mm diameter)
and polymerized at 70°C for 16 hours.

Preparation of serial ultrathin sections and TEM methods

More than 500 serial ultrathin sections with an average thickness of 55 nm were cut with an
Ultracut E ultramicrotome (Reichert-Jung Co., Wien, Austria) equipped with a diamond knife
and then picked up using single-slot cupper grids with a slot size of 2.0 x 1.0 mm (Maxtaform
HF49, Tonbridge, UK) on 12 single-hole grids. Serial ultrathin sections were then transferred
onto formvar support film mounted on an aluminum rack with 20 pores of 4-mm diameter
[4]. The serial ultrathin sections were then dried, detached from the rack with support of the
formvar, and stained with uranyl acetate and lead citrate. Of the 12 grids prepared, the serial ul-
trathin sections on 5 grids were damaged; therefore, the serial ultrathin sections on the remain-
ing 7 grids were subjected to TEM examination. Among these 7 grids, serial ultrathin sections
containing 5 cells on 5 grids were examined by TEM.

TEM examinations were performed using a JEOL JEM-1230 electron microscope operated
at 80 kV. At the beginning of the examination, printed images of micrographs collected at low
magnification (x2,000 to x2,500) were searched for longitudinal cell profiles in the serial ultra-
thin sections in order to complete the examination at high magnification with a small number
of serial ultrathin sections. However, because cell contents often dropped out from sections, es-
pecially those near the edge of the cell, serial cross sections encompassing the cell from one end
to the other were searched at low magnification. Next, 5 cells in a total of 140 serial ultrathin
sections were examined at higher magnification (x30,000, 60,000, or x80,000).

Image analysis and ribosome enumeration

Images obtained from negative scanning through Adobe Photoshop Elements (version 9) with
CanoScan 8800F were saved as TIFF files and analyzed using Image] and Fiji software [15, 16].
Briefly, cell length was calculated by multiplying the number by 55 nm (representing the thick-
ness 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 Image]/Fiji window as well as a scale bar re-
corded on the same negative. Measured pixel values were converted to um or nm according to
the measured pixel value of the scale bar on the corresponding negatives.
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The cross-sectional area of each cell was determined using the ‘Measure’ command in the
‘Analyze’ menu of Image]/Fiji by tracing the OM using the polygonal selection menu in the
Image] window and converting the area result above into um? 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 (pmz) 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, re-
spectively, and the section thickness (0.055 um [55 nm]) was used as the height.

The volume (fl, = pm3 ) of each cell was calculated as the cumulative volume of cylinders
having the cell’s cross-sectional area as the base and the section thickness (0.055 um [55 nm])
as the height. The volumes of the OM and PM were calculated by multiplying the surface area
of each membrane by its thickness (0.002 um and 0.007 pm, respectively). The volume of the
periplasm was calculated by subtracting the cytoplasmic and OM volumes from the
cell volume.

Ribosomes as electron dense particles with 10 ~ 20 nm diameter in the cytoplasm of the cell
cross-section in each serial ultrathin section were enumerated using the ‘Multi-point Tool in
Image]/ Fiji [15, 16]. 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 above.

Statistics

Averages and standard deviations for the diameter, area of the cross section in each serial ultra-
thin section, surface areas of the OM and PM, and cell volume were calculated for each cell
and compared.

Results and Discussion

We previously reported the excellent preservation of the ultrastructure of M. tuberculosis cells
provided by CRF-RES [5, 7, 8]. CRE-RFS preserves not only the cell envelope with OM but also
ribosomes within the cytoplasm.

In this study, more than 500 serial ultrathin sections were prepared from CRF-RFS samples,
and five M. tuberculosis cells contained in the serial ultrathin sections were examined (Fig. 1,
S1-S5 Figs.). Cell structures were measured and the number of ribosomes contained in the
cytoplasm was determined. This is the first report of a structome analysis of individual M.
tuberculosis cells, and there are no other reports describing the examination of bacteria in serial
ultrathin sections prepared from epoxy resin-embedded CRF-RFS—preserved samples.

One-dimensional analysis

The length and diameter of five M. tuberculosis cells were measured using Image]J/Fiji software,
as described in the Materials and Methods section. Table 1 lists the results of a one-dimensional
structome analysis of the five cells. Cells 1, 2, 3, 4, and 5 were cut into 24, 36, 69, 55, and 63 seri-
al ultrathin sections, respectively. Cells 1, 2, 3, 4, and 5 were 1.32, 1.93, 3.80, 3.03, and 3.47 um
in length, respectively, for an average cell length of 2.71 + 1.05 um. As shown in S2 and S3
Figs., the serial ultrathin sections containing cells 2 and 3 were not continuous due to changing
of the grid. That is, several serial ultrathin sections between numbers 30 and 31 for cell 2 and
between numbers 67 and 68 for cell 3 may have been dropped out or mounted on the metal
frame of the next grid (S2 and S3 Figs.). Therefore, these two cells may be slightly longer than
the data. In addition, because cell length was determined based on the thickness of each serial
ultrathin section and the number of serial ultrathin sections covering the cell, curved cells may
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Figure 1. TEM images of five cross-sectioned M. tuberculosis cells. Cells were cut in the middle. The outer membrane (OM), periplasm (asterisk),
plasma membrane (PM), and ribosomes (R) are visible as shown in the bottom right panel (enlarged image of cell 3). The cytoplasm of cell 2 appeared to
have degraded, as evidenced by its dark color and fewer ribosomes. Cell 3 can be seen to the upper left of cell 2. Bar: 100 nm.

doi:10.1371/journal.pone.0117109.9001

be slightly longer than the calculated data indicate. Furthermore, because of examination pro-
tocol on serial ultrathin sections, whole cell profiles encompassing from one end to other can
be observed in the shorter cells than the longer.

Cell diameter values were very similar, with average OM and PM diameters of 0.345 + 0.029
um (range, 0.293-0.366 pm) and 0.297 + 0.022 ym (range, 0.273-0.326 um), respectively. The
average aspect ratio was 8.23 * 3.60 (Table 1 and Fig. 2). Because the lengths of cells 3, 4, and
5 were 3-fold greater than that of the smallest cell (cell 1), it is suggested that cell division may
occur independently of the length of the parent cell.

Table 1. One-dimensional profiles of M. tuberculosis cells.

Cell Length (um) Average Diameter (um) (Cell) Average Diameter (um) (Cytoplasm) Aspect Ratio

(Number of serial ultrathin sections) '

Cell 1 (24) 1.32 0.366 0.326 3.61
Cell 2 (35) 1.93 0.320 0.278 6.01
Cell 3 (69) 3.80 0.293 0.273 13.0
Cell 4 (55) 3.03 0.351 0.306 8.63
Cell 5 (67) 3.47 0.348 0.299 9.96
Average 2.71 0.345 0.297 8.23
SD 1.05 0.029 0.022 3.60

"Values in parenthesis indicate the number of serial ultrathin sections required to complete whole cell profile measurement.

doi:10.1371/journal.pone.0117109.t001
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Figure 2. One- and two-dimensional properties of five M. tuberculosis cells obtained from serial
ultrathin section TEM examination. The size of each schema correlates with the cell’s relative width and
length. The diameter, length, aspect ratio, outer membrane (OM) surface area, and plasma membrane (PM)
surface area of each of five cells are indicated.

doi:10.1371/journal.pone.0117109.g002

Two-dimensional analysis

Two-dimensional profiles for the five M. tuberculosis cells were calculated from values mea-
sured using Image]/Fiji software, as described in the Materials and Methods section. Table 2
lists the average cross-sectional area of each whole cell (outlined by the OM), its cytoplasm

(outlined by the PM), and the surface areas of the OM and PM. The average cross-sectional

Table 2. Two-dimensional profiles of M. tuberculosis cells.

Cell Area (um?)

(Number of serial ultrathin Average Cross-section Average Cross-section Outer Membrane Plasma Membrane
sections) ' (Cell) (Cytoplasm) Surface Surface

Cell 1 (24) 0.134 0.108 1.201 1.095

Cell 2 (35) 0.096 0.057 2.072 1.704

Cell 3 (69) 0.079 0.066 3.773 3.402

Cell 4 (55) 0.124 0.102 3.809 3.383

Cell 5 (67) 0.147 0.116 4.328 3.775

Average 0.116 0.090 3.037 2.672

SD 0.028 0.026 1.333 1.191

"Values in parenthesis indicate the number of serial ultrathin sections required to complete whole cell profile measurement.

doi:10.1371/journal.pone.0117109.t002
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Table 3. Three-dimensional profiles of M. tuberculosis cells.

Cell Volume (fl)

(Number of serial ultrathin sections) ! Cell Outer Membrane Periplasm Plasma Membrane Cytoplasm
Cell 1 (24) 0.177 0.002 0.031 0.008 0.135

Cell 2 (35) 0.185 0.004 0.075 0.012 0.110

Cell 3 (69) 0.300 0.008 0.050 0.024 0.218

Cell 4 (55) 0.376 0.008 0.062 0.024 0.284

Cell 5 (67) 0.429 0.009 0.088 0.027 0.306
Average 0.293 0.006 0.060 0.019 0.210

SD 0.113 0.003 0.021 0.008 0.091

"Values in parenthesis indicate the number of serial ultrathin sections required to complete whole cell profile measurement.

doi:10.1371/journal.pone.0117109.t003

and cytoplasmic areas were 0.116 + 0.028 um? (range, 0.079-0.147 um?) and 0.090 + 0.026
um? (range, 0.057-0.116 um?), respectively (Fig. 2), and the average OM and PM surface areas
were 3.037 + 1.333 um” (range, 1.201-4.328 um?) and 2.672 + 1.1911 um?” (range, 1.095-3.775
um?), respectively. Because the surface areas of cells 3, 4, and 5 were 3-fold greater than that of
the smallest cell (cell 1), it is suggested that cell division may occur independently of the surface
area of the parent cell.

Three-dimensional (3D) analysis

The volume of each of the five M. tuberculosis cells was calculated using measurements taken
with Image]/Fiji software, as described in the Materials and Methods section. Data regarding
the 3D profile of each cell are shown in Table 3 and Fig. 3. The average whole-cell (as outlined
by the OM) and cytoplasmic (as outlined by the PM) volumes were 0.293 + 0.113 {l (range,
0.177-0.429 1) and 0.210 £ 0.091 {l (range, 0.110-0.306 fl), respectively. In addition, the average
OM, PM, and periplasmic volumes were 0.006 + 0.003 fl (range, 0.002-0.009 ), 0.019 + 0.008 fl
(range, 0.008-0.027 fl), and 0.060 + 0.021 fl (range, 0.031-0.088 fl), respectively. Because the vol-
umes of cells 3, 4, and 5 were 2-fold greater than that of the smallest cell (cell 1), it is suggested
that cell division may occur independently of the volume of the parent cell.

Ribosome enumeration

The number of ribosomes in the cytoplasm of each cell was also determined (Table 4 and

Fig. 3). This is the first report of the direct whole-cell enumeration of bacterial ribosomes in
the cytoplasm based on TEM examinations of serial ultrathin sections images, as there are no
previously published reports describing examinations of serial ultrathin sections of bacteria
preserved by CRF-RFS. The average total ribosome number, average number per section,
and average number per 0.1 fl of cytoplasm for the five cells examined in this study were
1,347 + 877 (range, 49-2,122), 26.0 + 18.6 (range, 1.4-36), and 583.2 + 333 (range, 43.3-971),
respectively.

Cell 2 contained only 49 ribosomes in the entire cell (not just in a single section), whereas
each of the other 4 cells contained more than 850 ribosomes, and 3 of these cells (cells 3, 4, and
5) contained more than 1,600 ribosomes each. Some of the serial ultrathin sections of the cyto-
plasm of cell 2 showed even or scanty profiles, whereas other serial ultrathin sections were
more electron dense (S2 Fig.). These profiles suggest that cell 2 was dead before RFS treatment
and that degradation of the ribosomes had begun. This decomposition of cell 2 may be thought
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Figure 3. Pie graphs showing the volumes of the cell compartments for each of the five M. tuberculosis cells examined. The size of each pie
correlates with the cell’s relative volume. The whole-cell volume, proportion of the volumes of the cell compartments, total number of ribosomes, and
ribosome density for each of five cells are indicated.

doi:10.1371/journal.pone.0117109.g003

of as an artifact of preparation resulting from CRF-RFS processing. However, it is highly un-
likely that only cell 2 had begun to decompose due to processing because cells 2 and 3 coexisted
in the same sections, as shown in Fig. 1, S2 and S3 Figs., and all cells, including cells 2 and 3,
were prepared using the same procedure. In addition, the volume of the periplasmic space for
cell 2 was relatively large (Table 3, Fig. 1 and S2 Fig.), a characteristic thought to be indicative
of cytoplasm degradation. This suggests that cell 2 was already dead at the start of the CRF-
REFS procedure. Excluding the data for cell 2, the average ribosome number per cell and the av-
erage ribosome number per 0.1 fl of cytoplasm for the remaining 4 cells were 1,672 and

716.5, respectively.

The number of ribosomes per M. bovis BCG cell has been estimated or calculated in several
studies, with results ranging from 690 to 4,400 [10-13]. The calculated values were based on
the proportion of rRNA in total RNA and the amount of ribosome-associated nucleotides [12].
Estimated numbers were based on the assumption that all of the transcribed rRNA molecules
are used for the assembly of functional ribosomes with subunits of ribosome proteins, with no
consideration given to rRNA molecules being derived from dead cells in the sample. In addi-
tion, because the ribosome numbers were estimated in bulk without measuring the volume of
individual cells, the ribosome density could not be determined. Therefore, differences in ribo-
some enumerations based on estimates and direct observations suggest the possible presence of
free rRNAs and free subunits of ribosomal proteins, which cannot be observed through TEM
because these free molecules do not localize as high-electron-density particles. These
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Table 4. Ribosome enumeration.

Cell Average per section Density per Total
(range) 0.1 fl

(Number of serial ultrathin

sections) '

Cell 1 (24) 36.0 640.2 864
(0-94)

Cell 2 (35) 1.4 43.3 49
(0-7)

Cell 3 (69) 29.8 971.0 2,122
(0-70)

Cell4 (55) 30.9 598.3 1,697
(0-89)

Cel5 (67) 31.9 656.5 2,007
(0-72)

Average 32.2 [26.0]? 716.5 [583.2] 1,672
(0-94) [1,347]

SD 3.7 [18.6° 171.4 [333.0F 568 [877]

"Values in parenthesis indicate the number of serial ultrathin sections required to complete whole cell
profile measurement.
2Values between square brackets are the calculation results including the value of cell 2.

doi:10.1371/journal.pone.0117109.t1004

observations and interpretations indicate that determinations of rRNA copy number may lead
to overestimation of the number of functional ribosomes and that precise enumeration of func-
tional ribosomes requires direct observation of properly fixed and exquisitely preserved cyto-
plasm using TEM.

Comparison of ribosome density between M. tuberculosis and yeast

To date, there are only a few reports of quantitative structome analyses of microorganisms
using TEM, including structome analyses of the yeast Exophiala dermatitidis and Saccharomy-
ces cerevisiae [2, 6]. These studies reported values for the average number of ribosomes per

0.1 f1 of 1,100 (11,000/11) and 1,950 (19,500/11) for E. dermatitidis and S. cerevisiae, respectively.
In the present study, we found an average density of ribosomes in M. tuberculosis cells of ap-
proximately 720/0.1 fl, a density that is about one-half and one-third that of E. dermatitidis
and S. cerevisiae, respectively (Table 5). The reported ribosome densities for E. dermatitidis
and S. cerevisiae [2, 6] may be underestimates, as those studies enumerated ribosomes only in
the cytoplasm and not in the nucleus, which comprises 7-10% of the cell volume. In addition,
the study of S. cerevisiae compared structome data obtained in analyses of cells in both early
G1 and late G1 phase. Other than a significantly higher number of autophagosomes in the cells
in early G1 phase compared with late G1 phase, no other significant differences were observed,
although the authors mentioned that the higher autophagosome number in early G1 phase
cells may not be truly significant because the P-value was close to 5% [6]. These results suggest
that there may be no significant differences in the ribosome density in M. tuberculosis cells be-
tween stationary and exponential phases, where it is difficult to determine whether a single M.
tuberculosis cell within a population is in exponential phase or stationary phase, even with
TEM.
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Table 5. Comparison of ribosome number and density between M. tuberculosis and yeast cells.

Organism Density per 0.1 fl Average total ribosomes per cell (range)
(Number of examined cell) (range)
M. tuberculosis (5) 716.5 [597.9]' 1,672 [1,347]"
(640 ~ 971) (864 ~ 2,122)
E. dermatitidis (5)? 1,100 195,000
(970 ~ 1,340) (112,000 ~ 336,000)
S. cerevisiae (6)° 1,950 195,000
(1,770 ~ 2,060) (115,000 ~ 272,000)

"Values between square brackets are the calculation results including the value of cell 2.
2Data described in reference 2.
3Data described in reference 6.

doi:10.1371/journal.pone.0117109.t005

Ribosome density—based drug targeting

With respect to ribosome-targeting drugs used in tuberculosis chemotherapy, few studies have
examined the relationship between the number of target molecules in a single M. tuberculosis
cell and the drug concentration in the environment surrounding the cell. For example, most
cases of streptomycin (STR; C,1H39N;01,; MW, 581.57 Da) resistance are attributed to muta-
tions within either rrs in 16S rRNA, rpsL (encoding ribosomal protein S12), or gidB (encoding
7-methylguanosine [m’G], a methyltransferase specific for rRNA) [17-19]. However, some
STR-resistant strains harbor none of the above-mentioned mutations [20]. In this study, the
average ribosome density was about 720 per 0.1 fl of cytoplasm, as calculated based on direct
enumeration using serial ultrathin sections. In an environment containing STR at a concentra-
tion of 1.0 pg/ml (as is used in MGIT 960 drug susceptibility tests [21]), there would be about
100 STR molecules/0.1 fl. If the STR molecules could freely penetrate into the cytoplasm of M.
tuberculosis cells and the concentration inside the cell is equal to that of the surrounding envi-
ronment, the drug molecules will attack only one-seventh of ribosomes at any given point in
time. It is not known how many direct binding events between ribosomes and STR molecules
are required to kill a single bacterial cell. Therefore, because some cases of STR resistance can-
not be explained by mutations in the target molecules, it is critical that the relationship between
drug resistance and the drug to target molecule ratio be considered, along with how many drug
molecules are required to kill a single bacterial cell and how many targets within a single bacte-
rial cell must be attacked to effect killing.

Significance of structome analysis of serial ultrathin sections

In general, most microbiological studies are performed on clumps of bacterial cells or bulk bac-
terial populations, both of which may contain a large number of dead cells. The results of such
studies are always expressed as average values, and these values may be under- or overestima-
tions of the true values. In contrast, microscopy allows for direct observation of the dynamics
of single cells with temporal or spatial continuity, enabling researchers to distinguish between
living and dead cells. It is generally believed that because they share identical genetic informa-
tion, all cells in a population of bacteria derived from a single strain should show the same phe-
notype, whether they are part of a colony or in suspension in liquid medium. However, it was
recently reported that major differences in cell shape and susceptibility to antibiotics may exist
between isogenic cells in a colony originating from a single cell [22-25]. Our structome
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analyses show that the size properties and ribosome density may vary from cell to cell, even
though the cells may be of the same strain. Time-lapse microscopy experiments and TEM
structome analyses of serial ultrathin sections of single cells containing the same genomic in-
formation have revealed that individual cells have both similarities and differences, as is the
case with human identical twins, whose fingerprints normally differ. This is the simplest dem-
onstration that genes are not omnipotent [25]; that is, the final phenotype is not determined
solely by genetic information. Therefore, we must observe living or properly fixed cells using
suitable microscopy methods in order to understand the phenomena occurring in individual
bacterial cells.

As mentioned in a previous report [6], 3D structural analyses are now possible thanks to
newly developed techniques and devices, including electron tomography [26], cryo-electron
microscopy with vitreous sections [26, 27], serial block-face-scanning electron microscopy
[28], and focused ion beam-scanning electron microscopy [29]. These new techniques allow
3D reconstruction of protein molecules, microorganisms, organelles, and cells automatically in
less time than conventional analyses using ultrathin sections and TEM. However, these tech-
niques do have some drawbacks, including the possibility of blind angles in tomography, very
low contrast in cryo-electron microscopy with vitreous sections, and degradation of cell com-
ponents such as ribosomes as a result of treating specimens with reagents such as potassium
ferric cyanide to enhance membrane contrast in focused ion beam-scanning electron micros-
copy and serial block-face scanning electron microscopy. Therefore, although these techniques
have made 3D structural analyses easier to perform, the analyses themselves are exclusively
qualitative rather than quantitative, and the resolution of the images obtained using these pro-
cedures is no better than that of conventional approaches involving TEM analysis of serial ul-
trathin sections. Nevertheless, future improvements in sample preparation and resolution in
these new methods should overcome the above-mentioned problems and provide new ap-
proaches for structome analysis.

Conclusions

This is the first report of a TEM structome analysis of M. tuberculosis cells in serial ultrathin
sections, based on direct measurement and enumeration of exquisitely preserved structures in
living single cells rather than calculations or assumptions based on indirect biochemical or mo-
lecular biological data. Our data will enhance other investigations in fundamental biology,
immunogenicity, and the pathogenicity of M. tuberculosis, as well as vaccine development, and
mechanisms of drug resistance because our data about the surface area and the volume of PM
and OM can provide insights into the capacity of these structures to contain various molecules,
which may elicit immunogenicity and/or pathogenicity or may act as drug-target. In addition,
our results will enhance quantitative analyses of drug-target interactions, particularly with re-
spect to the drug to target molecule ratio of ribosome-targeting drugs.

Supporting Information

S1 Fig. Serial ultrathin section array of cell 1. A total of 24 serial ultrathin sections were cut
to a thickness of 55 nm.

(TIF)

S2 Fig. Serial ultrathin section array of cell 2. A total of 36 serial ultrathin sections were cut
to a thickness of 55 nm. Cell 3 is co-localized in the cross sections, as seen from top-left to bot-
tom-left throughout the array. The cell profile ended at the 36™ ultrathin section.
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S3 Fig. Serial ultrathin section array of cell 3. A total of 69 serial ultrathin sections were cut
to a thickness of 55 nm. The cell profile begins in the 2" ultrathin section and ends at the 70™
ultrathin section.

(TIFF)

S4 Fig. Serial ultrathin section array of cell 4. A total of 55 serial ultrathin sections were cut
to a thickness of 55 nm. The cell profile begins in the 1°* ultrathin section and ends at the 55
ultrathin section.

(TIFF)

S5 Fig. Serial ultrathin section array of cell 5. A total of 63 serial ultrathin sections were cut
to a thickness of 55 nm. The cell profile begins in the 2" ultrathin section.
(TIFF)

S1 Table. Dimensional properties determined from serial ultrathin sections of cell 1.
(XLSX)

$2 Table. Dimensional properties determined from serial ultrathin sections of cell 2.
(XLSX)

$3 Table. Dimensional properties determined from serial ultrathin sections of cell 3.
(XLSX)

$4 Table. Dimensional properties determined from serial ultrathin sections of cell 4.
(XLSX)

S5 Table. Dimensional properties determined from serial ultrathin sections of cell 5.
(XLSX)
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