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Abstract Thermosipho globiformans is a member of
Thermotogales, which contains rod-shaped, Gram-nega-
tive, anaerobic (hyper)thermophiles. These bacteria are
characterized by an outer sheath-like envelope, the toga,
which includes the outer membrane and an amorphous
layer, and forms large periplasm at the poles of each rod.
The cytoplasmic membrane and its contents are called
“cell”, and the toga and its contents “rod”, to distinguish
between them. Optical cells were constructed to observe
binary fission of T. globiformans. High-temperature
microscopy of rods adhering to optical cells’ coverslips
showed that the large periplasm forms between newly
divided cells in a rod, followed by rod fission at the middle
of the periplasm, which was accompanied by a sideward
motion of the newly generated rod pole(s). Electron
microscopic observations revealed that sessile rods grown
on a glass plate have nanotubes adhered to the glass, and
these may be involved in the sideward motion. Epifluo-
rescence microscopy with a membrane-staining dye sug-
gested that formation of the septal outer membrane is
distinct from cytokinesis. Transmission electron micros-
copy indicated that the amorphous layer forms in the per-
iplasm between already-divided cells. These findings
suggest that the large periplasm is the structure in which
the septal toga forms, an event separate from cytokinesis.
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Introduction

The order Thermotogales is one of the deepest branching
lineages in the domain Bacteria (Woese et al. 1990). The
members of Thermotogales can be distinguished from other
bacteria by using optical microscopy due to the presence of
the large periplasm that is formed by the sheath-like enve-
lope, i.e., the toga, in each rod (Huber and Stetter 1992). The
toga includes an outer membrane (OM) and an amorphous
layer with a gapped contour on the periplasmic side (Huber
et al. 1986; Andrews and Patel 1996; L.’Haridon et al. 2001;
Wery et al. 2001; Miranda-Tello et al. 2004). Although the
large periplasm has a phylogeny-symbolizing morphology,
its physiological role remains unknown. In multicellular
rods, cells exist in chains with each periplasm between the
cells inside a sheath. While these rods are rare, they have
been observed in many species of Thermotogales. Direct
observation of binary fission may provide insights into the
role of the large periplasm and the formation of these mul-
ticellular rods in Thermotogales.

Thermosipho globiformans is a recent addition to
Thermotogales (Kuwabara et al. 2011); it forms eukary-
otic-like multicellular spheroids in the early growth phases,
and the cells grow very fast with a doubling time of 24 min
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in the mid-exponential phase. It has no flagellum and
exhibits no motility. These characteristics led us to use 7.
globiformans for the direct observation of binary fission by
using high-temperature microscopy (HTM).

HTM was originally developed by Gluch et al. (1995) to
observe the motility and thermotactic responses of Ther-
motoga maritima (Huber et al. 1986) by using optical cells
made from capillaries, both ends of which were sealed with
vacuum grease. Horn et al. (1999) observed binary fission
of hyperthermophilic crenarchaea by using a high-intensity
dark-field microscope with capillaries, both ends of which
were sealed by melting the glass with heat. Deguchi and
Tsujii (2002) also developed an HTM technique to observe
the behavior of microorganisms at high pressure and tem-
perature. However, these techniques require the use of a
considerable amount of equipment, and it is unknown
whether the capillary cells have sufficient resolution to
distinguish the periplasm of Thermotogales (Gluch et al.
1995).

In the present study, disposable optical cells were
manually constructed for the growth of anaerobic thermo-
philes by using a high-temperature durable glue, and these
optical cells were used to directly observe the binary fission
of T. globiformans by HTM. Results of HTM observations
inspired us to conduct electron and epifluorescence
microscopy to observe the rod surface and the intercellular
periplasm. The results of these studies suggest that the
large periplasm plays a role in the formation of multicel-
lular rods in Thermotogales.

Materials and methods
Cultivation

T. globiformans MN14 (Kuwabara et al. 2011) was anaero-
bically batch-cultured in Tc medium (Kuwabara et al. 2005)
at 68 °C, unless otherwise stated. In some experiments, cells
were cultured at different temperatures or in Tc medium
devoid of elemental sulfur (Tc—S° medium).

Construction and incubation of anaerobic thermophile
observation chambers (ATOCs)

A Pyrex glass tube (outside diameter, 20 mm; glass
thickness, 1.6 mm) was cut into 10-mm-long pieces. These
pieces were coated with dimethyl polysiloxane (Siliconize
L-25; Fuji Systems, Tokyo, Japan) to reduce surface ten-
sion. A Pyrex piece was affixed to the center of a coverslip
(30 x 30 x 0.17 mm; Matsunami, Kishiwada, Japan)
using a high-temperature durable glue (Super X2; Ceme-
dine, Tokyo, Japan, stated to be durable up to 120 °C) and
a toothpick in an anaerobic workstation in which the gas
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phase was N,:H,:CO, = 80:10:10. The surfaces for adhe-
sion should be dry. This and the following adhesion steps
were carried out in the workstation; adhesion under air
sometimes resulted in the leakage of ATOCs during HTM
observation, which was indicated by a change in the color
of resazurin in the medium. The product was left overnight
in the workstation and weighed down using a disposable
tube filled with 50 ml of water. A 0.5-ml microcentrifuge
tube was cut 7 mm from the top, and the lid was removed.
The resulting open end of the tube was used as the partition
of an ATOC and was affixed to the coverslip by using the
glue and a toothpick, avoiding the center of the coverslip,
in order to secure the light path for HTM. The resultant
product was an intermediate ATOC construction (Fig. 1a).
The intermediate was sterilized using a 70 % (v/v) ethanol
spray and dried in a clean oven.

Immediately before the ATOC was completed, Tc
medium devoid of Na,S was autoclaved at 110 °C for
5 min for degassing. The medium was taken out from the
autoclaving instrument when the temperature decreased to
90 °C. In the workstation, 2 ml of medium were supple-
mented with 10 pl of 10 % Na,S-9H,O and inoculated
with an inoculum that had been cultivated at 50 °C for
16 h. The calculated cell density in the inoculated medium
was 2.5-7.5 x 10® cells/ml. The glue was applied to the
adhesion surface of the Pyrex piece of the intermediate by
using a toothpick. Next, 1.5 ml of inoculated medium was
poured into the intermediate, followed by the adhesion of
the slide glass. The resultant product—an ATOC
(Fig. 1b)—was left in the inverted position and weighed
down using a disposable tube filled with 50 ml of water for
at least 1 h. The ATOC was subsequently taken out of the
workstation, and, for safety and easy handling, placed in a
Petri dish in an inverted position. The ATOC in the Petri
dish was incubated in a programmable incubator, with a
temperature range from room temperature to 33 °C for
>10 h, then from 33 to 68 °C for 1 h 10 min, and finally,
at 68 °C for 7 h, which brought T. globiformans into the
early stage of the mid-exponential phase. The ATOC
was then observed using HTM. It should be noted that
T. globiformans does not grow at the temperature range
used in the first step of the incubation (Kuwabara et al.
2011).

Microscopic observations

HTM was performed using an upright optical microscope
(Eclipse E600; Nikon, Tokyo, Japan) and a Microheat plate
having a heating surface made of transparent glass (MP-
10DMH; Kitazato Supply Co. Ltd., Shizuoka, Japan),
which had been modified by the manufacturer to electri-
cally cancel the noise generated by periodic heating. An
ATOC was attached to the Microheat plate with pieces of
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Fig. 1 Anaerobic thermophile observation chamber (ATOC). An
intermediate construction of ATOC (a), a schematic illustration of
completed ATOC (b), and an ATOC placed on a Microheat plate,
which was set below an objective (¢). CS coverslip, M medium,
P partition, PY Pyrex piece, SG slide glass

adhesive tape, and the entire apparatus was set on the
movable stage of the microscope (Fig. Ic). A 40x
objective was used to achieve a total magnification of
400x. Immersion oil was not used to avoid possible heat
damage of the objective. When the Microheat plate was
set at 80 °C, the outer surface of the coverslip reached
65 °C, as measured using a surface thermometer. The
growing T. globiformans rods adhering to the inner
surface of the coverslip were observed in the bright field
without using phase contrast in order to obtain sufficient
light intensity. Movies were taken using a 3CCD camera
(HV-D28S; Hitachi Kokusai Electric, Tokyo, Japan), a
video-capturing device (PC-MDVD/U2; Buffalo, Nagoya,
Japan), and a computer, and were processed using Pre-
miere software (version 6.5; Adobe Systems, San Jose,
CA, USA).

Epifluorescence microscopy was performed using a
LIVE/DEAD® BacLight™ Bacterial Viability Kit (here-
after, LIVE/DEAD; Molecular Probes, Eugene, OR, USA)
or FM1-43 (Molecular Probes). Images were captured
using a CCD camera (ORCA-ER; Hamamatsu Photonics,
Hamamatsu, Japan) equipped with image acquisition and
analysis software (AquaCosmos; Hamamatsu Photonics)
and a computer.

For field-emission scanning electron microscopy (FE-
SEM), the cells were cultivated in Tc-S° medium with an
SEM glass plate (diameter, 18 mm) in serum bottles. The
glass plates on which sessile rods grew were carefully
taken out and fixed with 2 % (w/v) glutaraldehyde in 0.2 M
sodium cacodylate (pH 7.2) for 2 h at room temperature,
and then processed as described previously (Yoshida et al.
2006), except that post-fixation with osmium tetroxide was
omitted. Briefly, fixed samples were then dehydrated
through a graded ethanol series (50, 75, 90, 95, and 100 %
by volume) by incubation for 15 min in each concentration,
followed by substitution with dehydrated r-butyl alcohol.
The specimens were freeze-dried with a freeze drier VFD-
21S (VACUUM DEVICE INC., Mito, Japan). The glass
plates were mounted on specimen stubs. These specimens
were coated with platinum/palladium alloy with an ion-
sputter E102 (Hitachi, Tokyo, Japan), and observed by
field-emission scanning electron microscope, JSM-6330F
(JEOL, Akishima, Japan). For preparation of free rods, the
above culture was centrifuged at 1,670xg for 1 min to
sediment aggregated cells and debris. The supernatant was
filtered through Nuclepore filters (pore size, 0.2 pm;
Whatman, Clifton, NJ, USA), and the filters were fixed in
glutaraldehyde, dehydrated through the graded ethanol
series, and processed as described above.

For the thin sections, equal volumes of cell suspension
in 2.0 % (w/v) NaCl solution and a fixative solution con-
taining 4 % (w/v) glutaraldehyde in 0.2 M sodium caco-
dylate buffer (pH 7.2) were mixed (Kuwabara et al. 2011).
After fixation at room temperature for 2 h, the cells were
sedimented by centrifugation at 740xg for 10 min. The
sediments were washed with sodium cacodylate buffer and
post-fixed with 1 % (w/v) osmium tetroxide in sodium
cacodylate buffer at room temperature for 30 min. Fixed
cells were sedimented using a hand-operated portable
centrifuge, and the supernatant was discarded by decanta-
tion. The sediments were washed three times with sodium
cacodylate buffer by hand-operated centrifugation and
decantation. Sedimented cells were dehydrated through a
graded ethanol series by keeping it in 30 and 50 % ethanol
for 45 min each, in 75, 90, and 95 % ethanol for 15 min
each, followed by 4 changes in 100 % ethanol, each lasting
for 15 min. The dehydrated pellet was first subjected to 2
changes of 10 min each of a 1:1 mixture of 100 % ethanol
and propylene oxide (by volume), and then to 2 changes of
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10 min each of 100 % propylene oxide. The propylene
oxide was substituted with a 2:1, and then a 1:1 mixture of
propylene oxide and Agar 100 Resin (Agar Scientific,
Stansted, UK) (by volume) for 30 min each. Then, cells
were finally embedded in Agar 100 Resin. The resin was
polymerized for 12 h at 70 °C. Thin sections (40 nm) were
cut using an ultramicrotome (EM-ULTRACUT-S; Reic-
hert, New York, NY, USA) and double stained with drops
of 2 % (w/v) uranyl acetate for 20 min and lead citrate
(Reynolds 1963) for 10 min; the stained sections were
examined using a transmission electron microscope
(JEM1010; JEOL) operated at 80 kV.

Results
ATOC construction and usage

The initial stage of this study began with the use of the
HTM system devised by Deguchi and Tsujii (2002) using a
capillary cell; however, this method did not permit the
observation of the periplasm. This may be because of the
thick glass and curvature of the capillary impeding the
achievement of the required resolution. Therefore, an
ATOC wusing a coverslip with a regular thickness
(0.17 mm) for optical microscopy observations was
designed and manually constructed. It should be noted that
the increase in the internal pressure could occur during
growth due to water evaporation as well as due to the
conversion of elemental sulfur to hydrogen sulfide and
production of carbon dioxide as a result of bacterial
metabolism; however, degassing of the medium could
compensate for this increase in pressure.

HTM observation of cytokinesis and rod fission
accompanied by abrupt sideward motion

In HTM, the periplasm was discerned between divided
cells in growing rods, but not at the rod poles (Movie S1).
Rods showing the intercellular periplasm eventually
underwent fission at the middle of periplasm, indicating
that rod fission occurs following cytokinesis and sub-
sequent enlargement of the intercellular periplasm. The
time between successive rod fission events was
38 & 14 min (mean & SD, n = 43) and the time from the
recognition of the intercellular periplasm to the subsequent
rod fission was 3.4 £ 1.8 min (n = 43). The interval
between cytokinesis and rod fission suggests that these two
division events are achieved by different mechanisms in 7.
globiformans, whereas in Escherichia coli they occur
almost simultaneously by an FtsZ-dependent mechanism
(Weiss 2004; Margolin 2005; Adams and Errington 2009).
When rods fissioned, at least 1 of the newly generated rod
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poles abruptly moved sideward in all of the 43 rod fission
events (for example, see Movie S1). Although electron
microscopy with shadowing suggested that batch-cultured
rods undergo fission by pulling apart (Kuwabara et al.
2011), no such motion has been observed in HTM, sug-
gesting that solid-attached and free rods move differently
upon fission.

Protrusions on sessile rods

Attachment of rods to solids may relate to the sideward
motion upon rod fission. To elucidate the surface structures
of glass-attached rods, the cells were cultivated in the
presence of an SEM glass plate in a serum bottle and
observed by FE-SEM. Sessile rods grown on the plate
showed protrusions having a width of 120 + 30 nm
(n = 39), and their tips were either free or adhered to the
plate (Fig. 2). Similar structures interconnecting the rods
were also observed. However, free rods did not show any
such protrusions. The abrupt sideward motion could relate
to the glass-adhered protrusions, as discussed later. Pro-
trusions were also observed by transmission electron
microscopy (TEM) (Fig. 3); they were found to be an
expansion of the outer envelope and periplasm. Thus, these
protrusions are considered to be nanotubes. The outer
diameter of nanotubes was 100 + 40 nm (n = 12), in the
same range as the width of protrusions observed by FE-
SEM.

Individual long cells contain nucleoids of different sizes

HTM observations showed that cells in newly fissioned
rods were often considerably longer than average [e.g.,
6.9 pum as compared with the average of 3.5 pm (n = 86)].
Examination of batch cultures confirmed the occurrence of
long cells in the early stage of the mid-exponential phase,
in which nucleoids were spread, with spaces between them,
throughout the cytoplasm of individual cells (Fig. S1).
Thus, the long cell production may not be an artifact of
HTM. Close examination of batch-cultured long cells
revealed that the nucleoids also have gaps within them,
suggesting active DNA synthesis (Berlatzky et al. 2008)
(Fig. 4a). In the middle stage of the mid-exponential phase,
rods became shorter with nucleoids still spread throughout
the cytoplasm (Fig. S1). From the late stage of the mid-
exponential phase to the early stationary phase, the
nucleoids occupied smaller regions in the cytoplasm. These
findings suggest that the long cells having nucleoids of
different sizes are generated only in the early stage of the
mid-exponential phase. If the long cells in newly fissioned
rods similarly have nucleoids of different sizes, it suggests
that cell growth accompanying DNA synthesis is not
tightly coupled with cytokinesis.
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Fig. 2 FE-SEM images of
sessile Thermosipho
globiformans rods. Sessile rods
adhered to aggregates of
exopolysaccharide-like
substance (asterisk) (a) and
enlargement of the square
showing protrusions (b). A
protrusion from the proximal
side of a rod to glass (c). A rod
showing a future fission site
(arrow) in between two glass-
adhered protrusions (d). The
width of the protrusions was
120 £ 30 nm (n = 39) when
measured at the center of the
length. Note that the large
periplasm moieties at rod poles
tended to be shrunken by
dehydration during specimen
preparation, and are not
protrusions. Arrowheads
protrusions. Bars 500 nm

Fig. 3 TEM image of a Thermosipho globiformans rod having a
protrusion. 7. globiformans was batch-cultured to the mid-exponential
phase in Tc—S° medium and analyzed by TEM. The square is
enlarged in the inset. The width of the protrusions was 100 £ 40 nm
(n = 12) when measured at the center of the length. It is notable that
the envelope of protrusions was relatively densely stained. AL
amorphous layer, PP periplasm. Bars 500 and 100 nm (inset)

Septal toga formation at rod fission sites
Formation of OM

Formation of septal OMs was studied using epifluores-
cence microscopy with FM1-43, which stains mem-
branes. Many rods having 2 cells did not exhibit septal
OMs or their FM1-43-stainable precursors in the inter-
cellular periplasm (Fig. 4b, single asterisk). When the
septal OMs were detected, they were necessarily situated
at a distance from the cytoplasmic membranes and were
already curved as a part of the daughter rods (Fig. 4b,
double asterisk), suggesting that septal OMs are formed
after cytokinesis. Similarly, the cells occurring in chains,
which were rare in single cultures but routinely
observed in batch cultures (Kuwabara et al. 2011), did
not show septal OMs or their FM1-43-stainable precur-
sors in any intercellular periplasm (Fig. 4c). The mech-
anism of production of such multicellular rods is
discussed later.
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Fig. 4 Epifluorescence microscopy images of Thermosipho globifor-
mans rods. Long cells in the early stage of the mid-exponential phase,
as observed by phase-contrast microscopy (a upper panel), were
observed by epifluorescence microscopy with LIVE/DEAD (a lower
panel). Arrowheads gaps in nucleoids. Arrows spaces between
nucleoids. Cells occurring in pairs (b) and in a chain (c), as observed

Formation of the amorphous layer

The next question is whether the amorphous layer is
formed after the enlargement of the intercellular periplasm
or almost simultaneously with cytokinesis as in E. coli,
followed by the enlargement of the polar periplasms of
daughter rods. TEM images showing the rod fission process
were arranged to reflect its progression (Fig. 5). Cells
appeared to divide by constriction, with a partially con-
stricted outer envelope over the cell division site (Fig. 5a).
Figure 5b shows a rare image, in which no discrete struc-
ture perpendicular to the rod axis was obvious in the
intercellular periplasm. Most images showing the inter-
cellular periplasm indicated a structure perpendicular to the
rod axis at the constriction site of rods, which appeared to
be continuous with the lateral gapped contour (Fig. 5c—f).
The rod constriction site was not necessarily located at the
center of the intercellular periplasm (Fig. 5d) and the septal
amorphous layer was constructed on the structure perpen-
dicular to the rod axis (Fig. Se, f). Further constriction of
the rod occurred when the septal amorphous layer became
about twice as thick as the lateral one (Fig. 5g). Eventually,
the daughter rods appeared to be pulled apart to undergo
fission (Fig. 5Sh). These findings indicate that the septal
amorphous layer is formed after the enlargement of inter-
cellular periplasm, similar to the septal OM (Fig. 4b,
double asterisk). The formation of both septal OM and
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by phase-contrast microscopy (upper panels), were observed by
epifluorescence microscopy with FM1-43 (lower panels). A double
asterisk shows the polar OMs at the fission site of just-fissioning rods
(b), while a single asterisk shows the absence of polar OMs in the
intercellular periplasms (b, ¢). Bars 5 um (a, b); 10 pm (c)

amorphous layer in the intercellular periplasm suggests that
the large periplasm serves to separate septal toga formation
from cytokinesis.

Discussion

In the present study, the growth of T. globiformans
attached to a coverslip was directly observed using HTM
with an ATOC. If the rods did not produce protrusions,
successive rod fission would not have been observed
because the unattached rods were caused to flow away by
the convection current in an ATOC (see Movie S1, 3 s after
the start of movie, on the left side of the screen). Fur-
thermore, dangling motion of rods suggests that they
adhere to the coverslip via 1 point for each (Movie S2).
Thus, adhesion to a coverslip appears to be essential for the
observation of growth by HTM. Although poly-L-lysine is
often used for the adhesion of microorganisms to glass, this
technique did not work in HTM. Thus, natural adhesion
may be necessary.

Sessile rods were found to have protrusions that adhered
to the glass (Fig. 2). If these protrusions are protruded from
moieties of a rod that are to be separated by fission (Fig. 2d),
the newly generated rod poles will move sideward upon
fission, escaping the growth of the other daughter rod. The
abruptness of motion may be due to the release from the



Extremophiles (2012) 16:863-870

Fig. 5 TEM images showing
the process of rod fission of
Thermosipho globiformans.
Fission sites showing a dividing
cell (a), no discrete structure in
the periplasm between divided
cells (b), a structure
perpendicular to the rod axis at
a center (¢) and a non-center
(d) position in the intercellular
periplasm, a septal amorphous
layer constructed on the
perpendicular structure (e, f), a
nearly completed septal
amorphous layer (g), and a
septal amorphous layer
extended to fission (h). CM
cytoplasmic membrane. Arrows
structure perpendicular to the
rod axis. Arrowheads septal
amorphous layer. Bars 100 nm
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tension caused by growth of the daughter rods against one
another. The natural motion of rods without adhesion to a
solid would be to pull apart, as suggested by the shadowing of
apparently just fissioned rods (Kuwabara et al. 2011), as well
as by TEM image (Fig. 5h).

The protrusions of 7. globiformans showed a width of
120 %+ 30 nm on FE-SEM (Fig. 2) and of 100 &+ 40 nm on
TEM (Fig. 3). The difference in the averages may be due to
the thickness of the platinum/palladium alloy coating on
FE-SEM. Recently, similar nanotubes having a width of
30-130 nm have been reported between sessile Bacillus
subtilis cells, and suggested to be involved in intercellular
communication (Dubey and Ben-Yehuda 2011). The
authors also showed that similar structures were formed
even between B. subtilis and E. coli, suggesting that
nanotube formation occurs rather in general in sessile
bacteria. Nanotube formation by 7. globiformans would be
the first finding of its type among thermophiles. Nanowires
of Shewanella oneidensis strain MR-1 have a similar width
(Gorby et al. 2006), although the presence of a tubular
structure is unknown.

Epifluorescence microscopy with FM1-43 suggested
that the septal OMs are formed in the intercellular peri-
plasm in the last step of rod fission (Fig. 4b). This finding
seems reasonable, as in E. coli, the septal OMs are formed
in the last step of rod fission (Weiss 2004; Margolin 2005;
Adams and Errington 2009). Because cytokinesis and
septal toga formation do not occur simultaneously in T.
globiformans (Fig. 5), cytokinesis could occur multiple
times before septal toga formation, which may be the
mechanism of the production of multicellular rods. Thus,
the large periplasm is related to the multicellularity of T.
globiformans (Kuwabara et al. 2011).
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