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The nucleoids in Mycoplasma capricolum cells were visualized by phase-combined fluorescence microscopy of
DAPI (4*,6-diamidino-2-phenylindole)-stained cells. Most growing cells in a rich medium had one or two
nucleoids in a cell, and no anucleate cells were found. The nucleoids were positioned in the center in
mononucleoid cells and at one-quarter and three-quarters of the cell length in binucleoid cells. These forma-
tions may have the purpose of ensuring delivery of replicated DNA to daughter cells. Internucleoid distances
in binucleoid cells correlated with the cell lengths, and the relationship of DNA content to cell length showed
that cell length depended on DNA content in binucleoid cells but not in mononucleoid cells. These observations
suggest that cell elongation takes place in combination with nucleoid movement. Lipid synthesis was inhibited
by transfer of cells to a medium lacking supplementation for lipid synthesis. The transferred cells immediately
stopped dividing and elongated while regular spaces were maintained between the nucleoids for 1 h. After 1 h,
the cells changed their shapes from rod-like to round, but the proportion of multinucleoid cells increased.
Inhibition of protein synthesis by chloramphenicol induced nucleoid condensation and abnormal positioning,
although partitioning was not inhibited. These results suggest that nucleoid partitioning does not require lipid
or protein synthesis, while regular positioning requires both. When DNA replication was inhibited, the cells
formed branches, and the nucleoids were positioned at the branching points. A model for the reproduction
process of M. capricolum, including nucleoid migration and cell division, is discussed.

Mycoplasmas are wall-less parasitic bacteria possessing ex-
tremely small genomes (9). In mycoplasmas, chromosome rep-
lication has been reported to start at a fixed site, followed by
bidirectional progression (21–23, 28). In mycoplasmas, as in
walled bacteria (36), the dnaA gene is expressed and is be-
lieved to have important roles in the initiation of replication
(21–23, 35). The outline of DNA replication in mycoplasmas is
presumably similar to that of walled bacteria. However, the
coupling of chromosome replication and cell division in myco-
plasmas is unclear. This area of investigation is difficult to
explore because mycoplasma cells have high plasticity owing to
the lack of a peptidoglycan layer.

In a previous paper, we demonstrated that the basic cell
shape of Mycoplasma capricolum is a simple rod and that the
bacterium divides by binary fission (34). DNA replication is
believed to use the whole cell division interval, because the
time required for DNA replication corresponded to the dou-
bling time of living cells and most DNA molecules were in
intermediate forms (34). Next, to elucidate the coupling of cell
division and DNA replication we have examined the spatial
behavior of the chromosome.

In Escherichia coli, a cell maintains the DNA molecule in a
condensed form, the nucleoid, at its center. After the comple-
tion of DNA replication, the nucleoid partitions, moves, and
positions itself in every quarter of the cell length to ensure the
delivery of the chromosome into progeny cells (8, 15). In cells
deficient in division, nucleoids are separated and positioned at
regular intervals, suggesting the existence of markers for nu-
cleoid positioning (33). Nucleoid positioning is also observed
for Bacillus subtilis (16), which is phylogenetically related to
mycoplasmas (38). However, these concepts cannot be applied

simply to mycoplasmas, because they lack a peptidoglycan
layer, which plays important roles in nucleoid partitioning and
cell division in walled bacteria (6). Unique patterns of nucleoid
partitioning and positioning are expected for mycoplasmas.

In this study, we observed the nucleoids of DAPI (49,6-
diamidino-2-phenylindole)-stained M. capricolum cells by
phase-combined fluorescence microscopy (14) and examined
cellular mechanisms for nucleoid migration in mycoplasmas.

MATERIALS AND METHODS

Cultivation. M. capricolum ATCC 27343 was grown at 37°C. Modified Edward
medium (30) was used with some modifications as previously described (34); i.e.,
5% horse serum was replaced by 2 mg of bovine serum albumin/ml, 20 mg of
cholesterol/ml, 10 mg of palmitic acid/ml, and 12 mg of oleic acid/ml (31). For
supplementation with nucleosides, 40 mg (each) of adenosine, guanosine, and
uridine/ml and 20 mg of thymidine/ml were added to the medium. Frozen cul-
tures were inoculated into the medium and grown overnight to reach an optimal
density at 600 nm (OD600) of around 0.05. The cultures were diluted as the
OD600 became 1024 and were used for assay after several hours.

Microscopic observation. M. capricolum cells in culture were fixed with 4.2%
glutaraldehyde for 60 min at room temperature. The fixed cells were collected by
centrifugation at 10,000 3 g at 4°C for 3 min, washed, and resuspended in
phosphate-buffered saline. For phase-combined fluorescence microscopy (14),
fixed cells were mixed with an equal volume of 20-mg/ml DAPI solution and
incubated for 10 min at room temperature. Microscopic images were photo-
graphed with Fuji Super G 400 film. The cell length and the positions of fluo-
rescent nucleoids were measured on printed images as shown in Fig. 1F. Fluo-
rescence density was used to calculate DNA content, as previously described
(34). For transmission electron microscopy, cells were fixed in the cultures with
the addition of 4.2% glutaraldehyde for 60 min at room temperature and directly
placed on a 180A grid supported by a collodion membrane. Alternatively, the
fixed cells were collected by centrifugation at 10,000 3 g at 4°C for 3 min,
suspended in phosphate-buffered saline, and then placed on a grid. The cells on
grids were allowed to dry, negatively stained with 2% ammonium molybdate for
1.5 min, and observed with a transmission electron microscope (5, 34).

Measurement of phospholipid synthesis. H3
32PO4 was added to a final con-

centration of 925 kBq/ml (2.7 nM). Radiolabeled cells were collected and treated
with a solvent consisting of methanol-chloroform (1:2) at room temperature for
6 h (1). The extract was washed twice with a buffer consisting of 10 mM Tris-HCl
(pH 7.6) and 1 mM EDTA, mixed with scintillation cocktail, and measured with
a scintillation counter.
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RESULTS

Nucleoid observation. In a previous paper, we showed that
nucleoside supplementation is necessary for proper progres-
sion of DNA replication (34). Therefore, we used modified

Edward medium supplemented with nucleoside as the stan-
dard medium of this study. To study the position of nucleoids,
M. capricolum cells growing in the standard medium were
stained with DAPI and observed by phase-combined fluores-
cence microscopy (Fig. 1A). Fluorescent nucleoids were con-

FIG. 1. Images of M. capricolum cells observed by phase-combined fluorescence microscopy. Cells were fixed, stained with DAPI, and photographed. (A) Culture
was grown to an OD600 of 0.05 in the standard medium. (B) Culture was grown to an OD600 of 0.4 without nucleoside supplementation. (C and D) Cells grown to an
OD600 of 0.05 in the standard medium were transferred to a medium without supplementation for lipid synthesis and incubated for 1 and 2 h, respectively. (E) Cells
grown to an OD600 of 0.05 in the standard medium were incubated with chloramphenicol at 37°C for 1.5 h. Bar, 2 mm. (F) Schematic illustration of M. capricolum cells.
a, cell length; b and c, nucleoid positions. Internucleoid distance was calculated by subtraction of b from c.

6074 SETO AND MIYATA J. BACTERIOL.



densed and occupied a part of the cell interior. Cells containing
one, two, and three or more separate nucleoids accounted for
32.8, 67.8, and 0.4% of total cells, respectively. We observed
more than 1,000 cells but did not find anucleate cells marked
with weak fluorescence, which is known to be emitted from
RNA molecules (14). These results suggest that the replicated
chromosomes have the purpose of ensuring segregation into
nascent progeny cells in the standard medium.

Inhibition of DNA replication by nucleoside starvation has
been reported to induce branching (34). We induced branching
by culturing the mycoplasma cells to an OD600 of 0.4 in me-
dium without nucleoside supplementation and observed cells
by phase-combined fluorescence microscopy (Fig. 1B). In the
branched cells, the nucleoids were located at branching points.
No anucleate cells were found in this culture.

Position of nucleoids in cells growing in the standard me-
dium. We determined the intracellular positions of nucleoids
in cells growing in the standard medium (Fig. 2A). The average
length of mononucleoid cells was 1.18 mm, and the nucleoids

FIG. 2. Nucleoid positions of cells growing in the standard medium. (A) Positions of nucleoids are presented relative to position 0. The nucleoid position in a
mononucleoid cell is indicated by a closed circle (n 5 376). The nucleoid positions in a binucleoid cell are indicated by multiplication signs (n 5 169). The average
lengths of mono- and binucleoid cells are 1.18 and 1.80 mm with SDs of 0.22 and 0.32 mm, respectively. Nucleoids are positioned at the center with an SD of 0.11 and
at 0.23 and 0.68 with SDs of 0.05 and 0.06 of cell length, respectively, in mono- and binucleoid cells. (B) Internucleoid distances in binucleoid cells are plotted against
cell lengths (n 5 169).

FIG. 3. Relationship of DNA content and cell length in rod cells. Cells
containing one and two nucleoids are indicated by closed and open circles,
respectively (n 5 150). The average DNA content in each cell is normalized to
1 U.

FIG. 4. The effect of removing supplementation for lipid synthesis on phos-
pholipid synthesis and cell division. (A) Phospholipid synthesis. Culture was
supplemented with labeled phosphate at 23 h and transferred at time zero to a
new medium supplemented (solid circles) or not supplemented (open circles) for
lipid synthesis. The value at time zero was normalized to 1 U. (B) CFU are shown
for the cultures with and without supplementation for lipid synthesis by solid and
open circles, respectively.
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were positioned around the center of cell length. The average
length of binucleoid cells was 1.80 mm, and the nucleoids in
these cells were positioned at 0.23 and 0.68 of cell length,
respectively. These results suggest that replicated chromo-
somes are segregated from the center to each quarter of the
cell prior to cell division. We examined internucleoid distances
in binucleoid cells (Fig. 1B). They correlated with cell length,
suggesting that nucleoid movement occurs in combination with
cell elongation.

Timing of cell elongation. Previously, we reported that most
DNA molecules are in intermediate forms in the standard
medium (34). Assuming that the intermediates are always un-
dergoing reaction, it is possible to order the individual cell
images by titrating the DNA content. Therefore, we estimated
the DNA content in a cell from the fluorescence of DAPI-
stained images and plotted the cell length against the DNA
content (Fig. 3). The lengths of binucleoid cells were appar-
ently greater than those of mononucleoid cells and correlated
with the DNA content as expected. However, the cell lengths
were not related to the DNA content in mononucleoid cells,
suggesting that the cell elongation does not take place until
nucleoid partitioning occurs.

Nucleoid migration without lipid synthesis. To determine if
growth of the cell membrane promotes nucleoid migration, we
analyzed cells with inhibited lipid synthesis, because they must
take up fatty acid and sterol, by using serum albumin as a
carrier for lipid synthesis (30, 32). We therefore transferred the
mycoplasma cells to a medium not supplemented for lipid
synthesis and monitored the content of phosphate from the
solvent extract of culture (Fig. 4A). Radiolabeled phosphate
was added to cells in the standard medium at an OD600 of 0.01.
At an OD600 of 0.05, half of the culture was transferred to the
nonsupplemented medium and the other half was transferred
to the supplemented medium. At 1 h after transfer, the phos-
pholipid content in the nonsupplemented culture increased to
1.57 times the original content, and at 2 h, the content de-
creased to 1.38 times the original content, while phospholipid
content in the supplemented culture continued to increase.

These results show that removing the supplement inhibits lipid
synthesis.

CFU did not increase in nonsupplemented culture, indicat-
ing that cell division was inhibited immediately after transfer
(Fig. 4B). We microscopically examined the transferred cells
(Fig. 1C and D) and found that the proportion of binucleoid
cells increased from 32.8% at time zero to 43.9 and 54.4% at 1
and 2 h, respectively (Fig. 5). Cells containing three or more
nucleoids increased in number, reaching 14.1 and 30.8% of the
population at 1 and 2 h, respectively. In the control culture
transferred into the standard medium, the nucleoid number
did not change. The nucleoid positions were examined in the

FIG. 5. Distribution of cell length with inhibition of lipid synthesis. The distribution of cell lengths in cells with one, two, and three or more nucleoids is shown by
shaded, hatched, and open bars, respectively. The cells at 0, 1, and 2 h after the transfer into nonsupplemented medium are shown in columns A (n 5 273), B (n 5
286), and C (n 5 234), respectively. The cells at 2 h after transfer into the standard medium are indicated in column D (n 5 174). The average lengths of cells in columns
A, B, C, and D are 1.37, 1.63, 1.17, and 1.43 mm with SDs of 0.39, 0.57, 0.25, and 0.32 mm, respectively.

FIG. 6. Nucleoid positions in cells incubated for 1 h without supplementation
for lipid synthesis. The positions of nucleoids are indicated relative to position 0.
The positions in cells containing one, two, three, and four nucleoids are indicated
by closed circles, multiplication signs, solid squares, and open triangles, respec-
tively (n 5 107, 132, 40, and, 10, respectively).
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cells at 1 h after transfer to the nonsupplemented medium
(Fig. 6). The nucleoids in mononucleoid cells were at the
center with a standard deviation (SD) of 0.11 of relative cell
length, and those in binucleoid cells were positioned at 0.22
and 0.68 of cell length, respectively. Cells with three or more
nucleoids also had nucleoid positioning at regular intervals. In
the control cells transferred into the standard medium, the
nucleoid positioning was not significantly different from that
observed in Fig. 2A (data not shown). At 2 h after the transfer
into the nonsupplemented medium, the cell length in binucle-
oid cells and cells with three or more nucleoids decreased (Fig.
5C), i.e., the average lengths at 1 h after the transfer were 1.77
and 2.49 mm for binucleoid and multinucleoid cells, respec-
tively, but those at 2 h were 1.19 and 1.31 mm for binucleoid
and multinucleoid cells, respectively. At 2 h, most cells were
round (Fig. 1D), while the proportion of multinucleoid cells
increased from 1 to 2 h (Fig. 5C). At 2 h, nucleoid spacing was
irregular in most cells (Fig. 1D). The lengths of cells trans-
ferred into the standard medium did not change significantly
over time (Fig. 5D). These results suggest that inhibition of
lipid synthesis stops cell elongation, division, nucleoid move-
ment, and nucleoid positioning but that nucleoid partitioning
still occurs.

Effect of inhibition of protein synthesis on nucleoid migra-
tion. We examined the requirement for protein synthesis for
nucleoid migration by adding 100 mg of chloramphenicol/ml to
the standard culture. The nucleoids were condensed into more
compact structures (Fig. 1E). The proportions of binucleoid
and trinucleoid cells increased from 32.8 and 0.4% of total cells
at time zero to 60.8 and 8.1% at 1.5 h, respectively (Fig. 7A).
The intracellular positions of nucleoids at 1.5 h were signifi-
cantly disturbed and preferentially associated with cell poles
(Fig. 7B). No changes were observed in both the cell type
proportion and the nucleoid spacing in the control culture at
1.5 h (data not shown).

Electron microscopy and effect of centrifugation on fixed
cells. In order to examine the effects of centrifugation on the
morphology of fixed cells, we compared electron microscopic
images before and after the centrifugation. We examined cul-
tures in the standard medium (Fig. 8A) for inhibition of lipid
synthesis (Fig. 8B and C), inhibition of protein synthesis (Fig.
8D), and depletion of nucleotides (data not shown). No dif-
ferences in cell appearance were found between images before
centrifugation and those after centrifugation (data not shown).
The average cell length in the standard culture was 0.941 mm
after centrifugation, not significantly different from the value
before centrifugation, 0.910 mm. These results indicate that the
change in cellular morphology was not caused by fusion or
fragmentation due to the centrifugation.

DISCUSSION

In mycoplasmas, the spatial behavior of chromosomal DNA
has been unknown. We have previously observed chromosomal
DNA by fluorescence microscopy of DAPI-stained M. capri-
colum cells; however, no information about intracellular posi-
tion was obtainable because the entire cytoplasmic space was
fluorescent (34). In this study, we observed the nucleoids by
phase-combined fluorescence microscopy and found that the
nucleoids were condensed and occupied only a part of the
cytoplasmic space (Fig. 1). Presumably, visual light reduced the
weak fluorescence emitted from RNA molecules and intracel-
lular halation (14). In cells growing in the standard medium,
the nucleoids were positioned at the centers of mononucleoid
cells and at each quarter in binucleoid cells, and no anucleate
cells were found (Fig. 1A and 2A). These results show that the
chromosomes migrate synchronously with cell division to en-
sure their delivery to progeny cells. It is remarkable that the
mechanism for nucleoid migration is so well organized in my-
coplasma cells, which do not have cell walls and have little

FIG. 7. Nucleoid numbers and positions in cells incubated with chloramphenicol. (A) Nucleoid numbers in a cell. The proportions of cells containing one, two, and
three or more nucleoids are indicated by solid circles, open circles, and solid squares, respectively. More than 300 cells were examined at each time. (B) Nucleoid
positions in cells incubated with chloramphenicol for 1.5 h. The positions of nucleoids are indicated relative to position 0. The positions in cells containing one, two,
and three nucleoids are indicated by solid circles, multiplication signs, and solid squares, respectively (n 5 143, 148, and 73, respectively).
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genome information (3, 10, 12, 24, 29). The analyses of timing
of the nucleoid separation show that the nucleoid movement
occurred in combination with the cell elongation (Fig. 2B and
3). What kind of force propels and localizes the nucleoids? We
tried characterizing each step of nucleoid migration, i.e., par-
titioning, movement, and positioning.

Generally, mycoplasmas cannot synthesize lipid without sup-
plementation with fatty acid, sterol, and serum albumin (30,
32) (Fig. 4A). We utilized this dependency to examine the role
of lipid synthesis in nucleoid migration. The cells ceased divi-
sion immediately after deprivation of lipid synthesis supple-
ments, and the proportion of multinucleoid cells increased
(Fig. 4A and 5). This indicates that nucleoid partitioning oc-
curs independently of cell division. At 1 h after deprivation, the
spacing of nucleoids was normal (Fig. 6). This observation

rules out the possibility that the position of the nucleoid is
determined by the balance of tension from cell poles as is the
case for the metaphase plate of eukaryotic cells (26), because
it is unlikely that the mechanisms for proper force generation
are produced following cell elongation caused by the reduction
of lipid synthesis.

Until 1 h after deprivation, lipid synthesis stopped entirely
(Fig. 4A). Subsequently, the length of multinucleoid cells de-
creased, while the proportion of partitioned nucleoids contin-
ued to increase (Fig. 5). This observation shows that the nu-
cleoid partitions independently of lipid synthesis and cell
elongation, although they are required for movement and po-
sitioning of nucleoids. Garnier et al. reported that the cyto-
plasmic membrane elongates around the center and propels
the chromosome in Spiroplasma citri (11), which is phyloge-

FIG. 8. Cell images observed by electron microscopy. Cells were fixed in the cultures, directly placed on copper grids, negatively stained, and observed. (A) Cells
were grown to an OD600 of 0.05 in the standard medium. (B and C) Cells grown in the standard medium were transferred to a medium without supplementation for
lipid synthesis and incubated for 1 and 2 h, respectively. (D) Cells grown in the standard medium were incubated with chloramphenicol at 37°C for 1.5 h. Bar, 0.5 mm.

FIG. 9. Schematic illustration of cell type conversion by stresses.
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netically closely related to M. capricolum (38). However, our
results do not support this possibility in M. capricolum.

Nucleoid partitioning did not require de novo protein syn-
thesis in M. capricolum (Fig. 7). This result is different from
that obtained with E. coli (15). Woldringh et al. proposed that
the bacterial chromosomes are anchored to the cytoplasmic
membrane or peptidoglycan layer by nascent mRNA mole-
cules on which nascent proteins are being translated (39). In
this model, the nucleoids are propelled by motive force gen-

erated by transcription and translation. The results obtained
here rule out this hypothesis for M. capricolum.

In E. coli, it has been suggested that nucleoid positioning is
related to a solid structure, the periseptal annuli, which divide
the periplasmic space into two components (13). This is be-
lieved to be so because periseptal annuli are duplicated in
newborn cells, move toward each quarter of the cell length,
and are immobile throughout the cell division cycle (7), and
the nucleoid position corresponds to those of the periseptal
annuli (15). Mycoplasma cells probably lack a solid structure
like the periseptal annulus because they have no peptidoglycan
layer. Therefore, the structure required for nucleoid migration
is probably more fragile and temporal in mycoplasmas. Our
results indicating that the nucleoid positions were disturbed by
the inhibition of protein synthesis (Fig. 1E and 7) may reflect
the character of this structure.

Cytoskeleton-like structures have been identified in some
mycoplasmas (17, 18, 20, 27, 37). In Mycoplasma pneumoniae,
actin-like filaments have been reported to form a network
complex (20). In Mycoplasma gallisepticum, a eukaryotic tubu-
lin-like filament was found to form a submembrane structure
(18). In both mycoplasmas, subcellular structures for cytoad-
herence supported by the filamentous structures duplicate
prior to cell division, synchronizing with DNA replication (2,
25). It is possible that the filamentous structures are involved in
nucleoid migration (19). This hypothesis is consistent with our
observations that cell elongation was coupled with nucleoid
movement and that the positioning was disturbed with protein
synthesis inhibition.

In this study, we observed various cell morphologies of M.
capricolum (Fig. 1), including branching, filamentation, and
rounding, which were induced by stresses, as summarized in
Fig. 9. We released the cells from the stresses and found that
all types of cells were viable. They returned to the rod type and
started reproduction within 3 h after the release (data not
shown). Buxton and Fraser (4) suggested that Mycoplasma
mycoides, which is closely phylogenetically related to M. capri-
colum (38), reproduces via these characteristic types of cells,
namely, it develops from an elementary rounded body into a
branched and filamentous form, and then new rounded ele-
mentary bodies develop within these filaments and are re-
leased when mature. Our previous and current observations
rule out the presence of such characteristic cells in the repro-
duction process under rich conditions (34). However, it is still
possible that the characteristic types of cells are involved in the
reproduction process as stressed forms in nature, because
stresses similar to those examined here can occur in the tissues
of hosts.

We have previously proposed a reproduction model for the
cell division cycle of M. capricolum (34). To that, we add the
information about nucleoid migration obtained here (Fig. 10).
DNA replication uses almost the whole cell division interval.
After the completion of DNA replication, replicated chromo-
somes migrate to each quarter of a cell, and then cell elonga-
tion occurs in combination with movement of nucleoids, until
the double cell length is achieved. The nucleoid partitions
independently of de novo synthesis of lipid or protein, but
nucleoid movement and positioning depend on both syntheses.
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