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By means of electron microscope autoradiography of component cultures of
Bacillus subtilis exposed to [*H Jthymidine-labeled transforming deoxyribonucleic
acid competent and noncompetent cells can be distinguished. Competence is riot
limited to a specific phase of the cell division cycle. With serial section electron
microscopy of competent and noncompetent cells, two types of mesosomal
structures are observed: mesosomes connected to the plasma membrane only
(plasma membrane mesosomes) and mesosomes which are additionally con-
nected to the nuclear bodies (nuclear mesosomes). The two types show different
cellular distributions. Especially the number of nuclear mesosomes is higher in
competent than in noncompetent cells. This, and the observation that the
increase and decrease of competence is correlated with both the number of cells
carrying nuclear mesosomes and the number of nuclear mesosomes per cell,
suggests that mesosomes are involved in the acquisition of competence.

Various properties differentiate competent
from noncompetent cells: (i) increased resist-
ance to the bactericidal action of penicillin (17),
(ii) reduced cellular length (8, 13), (iii) reduced
deoxyribonucleic acid (DNA) (2, 15) and ribo-
nucleic acid (RNA) synthesis (15), (iv) de-
creased density, enabling separation of compe-
tent and noncompetent cells by density gradi-
ent centrifugation (4, 12), and (v) chromosomes
with replication points arrested in the vicinity
of the replicative origin (6). With regard to the
number of nucleoids, it has been reported that
competent cells tend to be uninucleate (3, 23).
However, Singh and Pitale’s (23) light micros-
copy analysis of competent cells obtained by
gradient centrifugation does not exclude the
possibility that binuclear cells may enter the
competent state. By using a competence regi-
men different from that used by Singh and
Pitale (23), Erickson and Copeland (8) ob-
served, after density gradient centrifugation of
competent Bacillus subtilis cultures, that the
fraction enriched for competent cells contamed
mainly binuclear cells.

Data obtained from electron microscopy of
thin sections of B. subtilis cells suggest an
increase in the total volume of mesosomes

during the phase of maximal competence (30).
Because the actual increase in competence was
not measured in that study, the results did not
provide information as to what extent the
increase was correlated with the development of
competence.

The present study was undertaken to obtain
more detailed information with respect to the
possible involvement of mesosomes in the devel-
opment of competence in B. subtilis by using
single and serial section electron microscopy of
competent and noncompetent cells of cultures
having developed and developing competence.

MATERIALS AND METHODS

Bacterial strains. B. subtilis 168 strain 2G-12 (ade
trpC2), described previously (25), was used as recipi-
ent. Transforming DNA was obtained from strain
OG-1 (wild type) and strain 2G-8 (thy tyr,).

Preparation of DNA. Transforming DNA was
prepared as described. earlier (25). [*H }thymidine-
labeled DNA was isolated from 2G-8 cells growing in
the presence of 3 ug of [*H]thymidine (5-methyl-T,
Radiochemical Centre, Amersham, England) per ml,
with a specific activity of 19.6 Ci/mmol.

Competence regimen. As described previously
(25), ade trpC2 cells were grown to maximal compe-
tence either by method A (casein hydrolysate supple-
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mented medium) or by method B, in which casein
hydrolysate was replaced by the competence-enhanc-
ing amino acids advised by Wilson and Bott (28).

Transformation procedure. For electron micros-
copy-autoradiography ade trpC2 cells grown to maxi-
mal competence by method B were used. Samples of
the recipient culture were incubated for 7.5 min at
32 C either with wild-type DNA (3 ug/ml) or with
[*H Jthymidine-labeled thy tyr, DNA (1.6 ug/ml, spe-
cific activity 1.7 x 10?7 dpm/ug) in the presence of
nonradioactive thymidine (120 ug/ml) and gently
aerated. DNA uptake was terminated by further
incubation for 1 min with bovine pancreatic deoxy-
ribonuclease (DNase, 125 ug/ml; British Drug
Houses) in the presence of 0.03 M MgSO,. Cells
exposed to wild-type DNA were plated on appropri-
ately supplemented agar plates for the determination
of the transformability of the cultures. Samples (20
ml) exposed to [*Hl}thymidine-labeled DNA were
chilled in crushed, frozen medium (20 ml), washed on
membrane filters (Millipore Corp., HAWP 04700)
with 80 ml of fresh medium at 0 C, and resuspended
in 20 ml of fresh medium. Subsequently, samples (3
ml) were diluted with fresh medium (3 ml at 0 C),
centrifuged, and resuspended in ice-cold fresh me-
dium (3 ml).

In the experiment designed to study the ultrastruc-
tural morphology of the cells during competence
development, cells growing to competence according
to method A were used. At 30-min intervals during
growth of the culture at 37 C and after the dilution
step, cells were withdrawn from the culture, cen-
trifuged at room temperature, and used for electron
microscopy. Simultaneously, cells were exposed to
wild-type DNA (3 ug/ml) for 30 min at 37 C, treated
with DNase (20 ug/ml) for 5 min, and plated on ap-
propriately supplemented agar plates to determine the
increase in competence.

Electron microscopy. Cells were fixed in OsO,,
treated with uranyl acetate, dehydrated in ethanol,
and embedded in methacrylate-divinylbenzene (14)
as described previously (30). Thin sections (approxi-
mately 50 nm) were cut on an LKB Ultratome I
microtome equipped with a diamond knife and trans-
ferred to copper grids (200 or 300 mesh/inch; Veco,
The Netherlands) covered with a carbon-coated
Formvar film. Serial sections were mounted on special
grids (R 22 A; Veco). Sections were examined in a
Philips EM300 electron microscope at 60 or 80 kV
with a 25.um objective aperture. Micrographs were
taken with a 35-mm camera on Kodak fine-grain
positive film, developed in Kodak HBP developer
(1:6), and printed on Rapido print paper (Agfa-Geva-
ert). N

Electron microscopy-autoradiography. Sections
on grids were coated with a 5-nm thick carbon layer
by evaporation, mounted on alcohol-cleaned objective
slides, and overlaid with a monolayer of Ilford L.4
Nuclear Research emulsion by using the wire loop
technique (5). The emulsion was prepared as de-
scribed previously (22).

Autoradiographs were stored for 6 or 25 weeks at
4 C in light-tight boxes containing silica gel and were
developed according to the method of Wisse and
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Tates (29), which involves gold latensification and
elon ascorbic acid development. This method was
modified in such a way that the preparations were
developed for 4 min instead of 7.5 min. After fixation
with hardener fixer (3 min), the grids were carefully
removed from the objective slides, dipped into dis-
tilled water, and dried at room temperature.

RESULTS

Recognition of competent cells by electron
microscopy-autoradiography. In order to
recognize the competent cells of a culture by
autoradiography, it is necessary that two condi-
tions are fulfilled. Firstly, the individual
competent cells should be given sufficient op-
portunity to absorb radioactive DNA and, sec-
ondly, the exposure time of the autoradiographs
should be sufficiently long, so that the photo-
graphic emulsion over a labeled cell will carry
silver grains.

We have shown previously (25) that an incu-
bation period of 5 min at 37 C with saturating
amounts of DNA is sufficient to enable all
competent cells of a culture to absorb DNA
from the medium. If the culture is exposed at
32 C for 7.5 min, approximately the same trans-
formation frequencies are observed as compared
with incubation at 37 C for 5 min, indicating
that under the former conditions, used in the
present case, all competent cells were able to
incorporate DNA.

Autoradiographs of serial sections were devel-
oped after 25 weeks of exposure and used for
comparing competent with noncompetent cells.
The total number of grains per labeled cell
appeared to be 20.9 + 17.4. Because the large
majority of the competent cells is uniform with
respect to the capacity to absorb DNA (25), the
high average number of grains observed per
labeled cell indicates that all cells which ab-
sorbed [*H Jthymidine-labeled DNA will appear
as labeled cells in autoradiographs.

Phase of cell division. In order to determine
whether competence of individual cells is re-
lated to a specific phase of the division cycle,
competent and noncompetent cells were classi-
fied in one of the following categories: (i) no
septum present, (i) an incomplete septum
present, and (iii) a complete septum present.
The results obtained from serially sectioned
cells (Table 1) show that the distribution of the
various divisional stages in the competent frac-
tion is not significantly different from that in
the noncompetent fraction (x% = 2.70, 030 > P
> 0.20). The data suggest that the competent
state is not associated with a particular phase of
the cell’s division cycle. The serial sections were
also used to determine the mean number of
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grains per labeled cell in the three classes
(figures between parentheses in Table 1). The
data show that the phase of the division cycle is
not correlated with the amount of DNA ab-
sorbed. This conclusion is in accordance with
the data presented previously (25).

Number of nucleoids in competent and
noncompetent cells. By examining predomi-
nantly the sectioned cells from which the results
presented in the previous paragraph were ob-
tained, the number of nucleoids per cell was
determined. DNA-containing areas not visibly
separated were considered to represent a single
nucleoid. Table 2 shows that approximately
50% of the competent cells have one nucleoid,
whereas the remainder, consisting of approxi-
mately 90% of cells with a partial or complete
septum, are binuclear. The ratio of both cell
types in the noncompetent fraction is slightly,
but not significantly, different (x2 = 2.22, 0.20
> P > 0.10).

Mesosomal types. The advantage of serial
section over single-section electron microscopy
is the possibility of tracing the mesosomes.
Mesosomes are invariably connected to the
plasma membrane. However, with respect to
their being connected to other cell structures,
two types can be distinguished: (i) those which
are connected to the plasma membrane only,
and (ii) those which are additionally connected
to the nucleoids. The first type will be desig-
nated as plasma membrane mesosomes, the
second as nuclear mesosomes.

Number of mesosomes in competent and
noncompetent cells. With the aid of serial-sec-
tion electron microscopy of cells exposed to

TaBLE 1. Distribution of various divisional stages in
competent and noncompetent cells
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Total
no. of
Cells No Incomplete| Complete cells
septum septum septum exam-
ined
Competent 49.4 (22.8)°(28.6 (19.1)2(22.0 (17.0)¢| 91
Noncompetent | 47.6 38.1 14.3 84

@ Average number of silver grains per cell.

TaBLE 2. Distribution of cells with one and two
nucleoids in competent and noncompetent cells

No. of nucleoids Total no.
Cells of cells
1 2 examined
Competent (%) 51.5 48.5 97
Noncompetent (%) 62.5 37.5 88
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radioactive donor DNA, the number of both
types of mesosomes was determined in compe-
tent and noncompetent cells. As is shown in
Table 3, competent cells have an increased
number of nuclear mesosomes as compared with
noncompetent cells (¢t = 4.86, P < 0.001 for cells
without a septum; t = 3.94, P < 0.001 for cells
with a partial or complete septum). To a lesser
extent, this also applies to plasma membrane
mesosomes (¢t = 2.08, 0.05 > P > 0.02 for cells
without a septum; ¢t = 4.68, P < 0.001 for cells
with a partial or complete septum). The results
also suggest that cells having a septum have a
higher probability of carrying mesosomes than
cells without a septum.

Position of mesosomes. The intracellular
position of both types of mesosomes was deter-
mined as follows. The length of cells without a
septum was measured on photographs of serial
sections in order to locate the middle of each
cell. The distance from the tip to the middle
was then divided into three equal parts, so that
in each cell half a tip (T), a tip-middle interme-
diate (TMI), and a middle (M) zone were
distinguished. In cells with a septum, the dis-
tance from the tip to the septum was measured
and both cell halves were divided into five
zones: a tip (T), a tip-middle intermediate
(TMI), a middle (M), a middle-septum inter-
mediate (MSI) and a septum (S) zone. Figure 1
presents the zonal division made. It should be
noted that the M zones in cells without a
septum will pass into future S zones and that
the M zones in cells with a septum will pass into
M zones of future daughter cells. The distribu-
tion of the mesosomes over the various cellular
zones was obtained by determining, in serially
sectioned cells, the zone in which the meso-
somes are connected with the plasma mem-
brane.

The distribution (in percentage) of the total
number of each type of mesosome over the
various zones of both cells with and without a
septum is presented in Fig. 2, which shows that
neither competent nor noncompetent cells con-
tain an appreciable number of nuclear meso-
somes in T zones. With the exception of non-
competent cells with a septum, the nuclear
mesosomes are most frequently observed in M
zones. The distribution of nuclear mesosomes in
competent cells lacking a septum is almost
identical to that in noncompetent cells (x? =
0.02, P > 0.99). However, with respect to their
distribution in cells having a septum, signifi-
cant differences exist between competent and
noncompetent cells (x? = 23.66, P < 0.01).

The distribution of plasma membrane meso-
somes is very much different from that of the
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TABLE 3. Average number of each of the two mesosomal types in competent and noncompetent cells

Avg no. of nuclear Avg no. of plasma Total no.
Cells Septum status g no. g 1no. ot p of cells

mesosomes membrane mesosomes A

examined
Competent Without a septum 1.08 + 0.86 3.20 + 2.77 25
Having a septum 1.73 + 1.14 4.57 + 3.04 30
Noncompetent Without a septum 0.29 + 0.46 2.15 + 1.31 41
Having a septum 0.86 + 0.74 2.16 + 1.57 43

m> v
st M nw) to

Fic. 1. Schematic representation of the zonal par-
tition of cells with and without a septum (see text). T,
Tip; TMI, tip-middle intermediate; M, middle; S,
septum; MSI, middle-septum intermediate.

other mesosomal type. Most frequently they
occupy the T zones of cells without a septum
and T and S zones of cells with a septum,
whereas their frequency in M zones is relatively
low. The distribution of this type of mesosome
over the various zones in competent cells with-
out a septum is statistically equal to that in
noncompetent cells (x2 = 2.29, 050 > P >
0.30). This also applies to cells with a septum
(x% = 6.05, 020 > P > 0.10). From these results
it is concluded that the two types of morphologi-
cally distinguishable mesosomes are differently
distributed over the cell and that competent
cells are distinguishable from noncompetent
cells with respect to the distribution of nuclear
mesosomes, with the restriction that the differ-
ences are manifest only when the cells are in a
particular phase of the division cycle.

Cellular alterations during development of
competence. An ade trpC2 culture grown by
method A for 2.5 h at 37 C in Spizizen minimal
medium supplemented with glucose (0.5%),
casein hydrolysate (0.02%), and the appropriate
growth requirements (20 ug/ml) was diluted
twofold with fresh medium without casein hy-
drolysate and the growth requirements and was
incubated for 2.5 h at 37 C. At 30-min intervals
after the dilution step, samples were taken for
determining the size of the competent fraction
with Goodgal and Herriott’s (11) method and

cells without a septum

cells with a septum
100 ]

frequency of nuciear mesosomes (%)
5 8

TIMM T TMI M MSI S

cells without a septum
60

cells with a septum

mesosomes (%)
~
S

frequency of plasma
N
)

0 T ™M M T TMI M MSI' S

Fic. 2. Intracellular distribution of mesosomes in
competent and noncompetent cells. The site of at-
tachment of the mesosomes to the plasma membrane
was determined in 55 labeled cells (25 without a
septum) and 84 nonlabeled cells (41 without a sep-
tum). Solid lines represent the distribution in compe-
tent cells, and interrupted lines that in noncompetent
cells. See Fig. 1 for abbreviations.

for studying intracellular changes on the elec-
tron microscopic level. To that purpose, both
single sections (1,000 per sample) and serial
sections (30 cells, 10 to 15 sections per cell) were
used.*The results are presented in Fig. 3 and
show that the competent fraction increases from
5 to 25% during the first 2.5 h, remains constant
for approximately 30 min, and starts to decrease
gradually afterwards (Fig. 3a). The percentage
of cell profiles with a nuclear mesosome in-
creases by a factor of 3.5 to 4 during the first 2.5
h and after the next 30 min decreases also (Fig.
3b).
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frequency of cell profiles with a nuclear
mesosome (%)
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©
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0o 1 2 3 4 5 6 7
time after dilution of the culture with growth
limiting medium (hours )

FiG. 3. Percentage of cell profiles with nuclear
mesosomes during increase in competence. With 30-
min intervals after dilution of an ade trpC2 culture
with growth-limiting medium, samples were incu-
bated for 30 min at 37 C with wild-type DNA (3
ug/ml), treated with DNase (20 ug/ml) for 5 min, and
plated in order to determine the size of the component
fraction by Goodgal and Herriott’s (11) method (a).
From each sample, cells were fixed for electron
microscopy examination, and 1,000 random cell pro-
files were used to determine the percentage of cell
profiles with nuclear mesosomes (b). The arrow indi-
cates the phase of maximal competence. The percent-
ages of transformation in the phase of maximal
competence were: ade*, 1.47; trpC2+, 1.03; and ade*
trpC2*, 5.9 x 1072

Because the two types of mesosomes are not
distinguishable in single sections, serial sections
of a number of cells from each sample were used
to estimate the variation in the frequency of
cells having (i) nuclear mesosomes, (ii) exclu-
sively plasma membrane mesosomes, and, (iii)
for estimating the variation in the average
number of both types of mesosomes per cell
during increase of competence. The frequency
of cells with nuclear mesosomes, which almost
without exception also carry one or more plasma
membrane mesosomes, increases from 50 to
95% during the first 3.5 h and then gradually de-
creases (Fig. 4a). Also, the average number of
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nuclear mesosomes per cell increases by a factor
of 3 during the first 3 h and then decreases (Fig.
4b). The fraction of cells having exclusively
plasma membrane mesosomes decreases during
development of competence and increases again
during the gradual loss of competence (Fig. 4a),
whereas the average number of mesosomes of
this type decreases during the first 2 h, then
increases for 2.5 to 3 h and, finally, at the end of
the experimental period, decreases again (Fig.
4b). These results show that a fairly good
correlation exists between increase and decrease
of competence and the change in both the
frequency of cells with nuclear mesosomes and
the average number of such mesosomes per cell.

frequency of cells with one or mare mesosomes (%)

©

100 1 ‘

0+ v v v v v v v
average number of mesosomes per cell ————————

©

2.5 *

2.0

o

0 1 2 3 4 5 6 7
time after dilution of the culture with growth
limiting medium (hours ]
FiG. 4. Fraction of cells with mesosomes and the
average number of mesosomes per cell during increase
of competence. (a) O, Frequency of cells with nuclear
mesosomes; @, frequency of cells which have exclu-
sively plasma membrane mesosomes. (b) A, Average
number per cell of nuclear mesosomes; A, average
number per cell of plasma membrane mesosomes. The
arrow indicates the phase of maximal competence.
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However, the correlation is by no means numer-
ically complete; during the phase of maximal
competence approximately 25% of the cells are
competent (Fig. 3a), whereas 90% of the cells
carry a nuclear mesosome, implying that the
mere presence of the connecting mesosomal
type is insufficient to render cells competent.
The data presented in this paragraph, show-
ing that the pattern of development and loss of
competence is correlated with variation in both
the number of nuclear mesosomes and the
frequency of cells having this mesosomal type,
agree with the autoradiographic data showing
that, as compared with noncompetent cells,
competent cells have an increased number of
mesosomes, especially of the connecting type.

DISCUSSION

The autoradiographic analysis shows that
approximately 50% of the competent cells con-
tain two nucleoids. This result disagrees with
indirect evidence in favor of uninuclearity of
competent cells (3, 23). Because 45% of the
binuclear competent cells have a completed
septum, these cells may be considered as uninu-
clear cells which have not yet separated. Singh
and Pitale’s (23) results do not exclude the
possibility of a competent state in binuclear
cells. Their results, obtained by sucrose gradi-
ent centrifugation of a competent B. subtilis
population after incubation with DNA, suggest
a correlation between the distributions of un-
inuclear cells and transformants in the gradi-
ent. Because the maximally competent frac-
tions contain about 50% binuclear cells, the
existence of binuclear competent cells was by no
means excluded. Our results show that compe-
tence is not restricted to uninuclear cells; in
that sense they confirm data reported by Erick-
son and Copeland (8). In an X-ray study of
competence development in B. subtilis, Epstein
(7) suggested that the precompetent population
consists of a mixture of uninucleate and binu-
cleate cells; the binucleate cells should become
mononucleate in a medium provoking compe-
tence. It is clear that our results do not support
the possibility that the development of the
competent state requires the conversion of binu-
clear to mononuclear cells.

Considerable differences exist between
competent and noncompetent cells with respect
to the average number of mesosomes, especially
the nuclear mesosomes and their distribution
over the various cell zones in cells developing or
having developed a septum. The observations
that competent cells have more nuclear meso-
somes than noncompetent cells and that in-
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crease of competence is correlated both with the
increase in the frequency of cells with these
mesosomes and their average number per cell
suggest that the nuclear mesosomes are in-
volved in the development of competence. How-
ever, noncompetent cells also carry nuclear
mesosomes. In addition, the increase in the
average number of nuclear mesosomes per cell
during increase of competence cannot exclu-
sively be attributed to an increase of these
connections in future competent cells, because
in that case a high concentration of the connect-
ing mesosomal structure should be observed in a
relatively small fraction of cells. This is not the
case; the maximal number observed per cell
never exceeds three. Also, no quantitative corre-
lation exists between the increase in the fraction
of cells having nuclear mesosomes and the
increase in the competent fraction. Therefore, it
seems likely that all cells, but especially the
future competent cells, contribute to the in-
crease in the average number of nuclear meso-
somes per cell during development of compe-
tence.

There is little or no correlation between
development of competence and either the aver-
age number per cell of plasma membrane meso-
somes or the frequency of cells carrying this
type of mesosome exclusively. Nevertheless,
this type of mesosome is more frequently ob-
served in competent than in noncompetent
cells. Therefore, on the basis of the present
analysis, plasma membrane ‘mesosomes cannot
be excluded from being involvedin competence
development. If they are precursors of nuclear
mesosomes, their exclusion from being involved
in development of competence would seem

unwarranted. It is conceivable that transition .

between the two mesosomal types exists, be-
cause the increase in the average number per
cell of nuclear mesosomes during increase of
competence, though not completely, is paral-
leled by a decrease in that of plasma membrane
mesosomes. Conversely, the decrease in num-
ber of nuclear mesosomes during decrease in
competence is accompanied by an increase in
the number of plasma membrane mesosomes
(Fig. 4b). '

We are ignorant concerning the way meso-
somes might be involved in the cell’s develop-
ment of the ability to incorporate high-molecu-
lar-weight DNA from the medium. Because,
with the possible exception of mesosomes being
essential for the synthesis of penicillinase in
Bacillus licheniformis (20), there is no evidence
for a specific enzymatic function of mesosomes
(9, 10, 18, 19, 21, 24), it is difficult to imagine
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that a specific enzyme, or set of enzymes, is
associated with the mesosomes which creates
the cell’s ability to incorporate DNA. However,
it is conceivable that the local increase in
membrane surface results in a local increase in
the concentration of membrane-bound en-
zymes. Apart from the function of binding and
of transport of transforming DNA of mesosomes
(27), we might envisage that the increase in
membrane surface results in high concentra-
tions of autolytic enzymes in the surroundings
of the mesosomal site of attachment to the
plasma membrane. A relationship between
competence and autolytic action has often been
suggested (1, 31, 32).

The finding that the two mesosomal types,
initially distinguished on the basis of their being
connected to the nucleoid, are differently dis-
tributed lends support to the supposition that
they are different. If they can interconvert, their
different distribution indicates that this occurs
in specific regions of the cell.

ACKNOWLEDGMENTS

The authors thank W. J. Feenstra for a critical discussion
and M. Veenhuis for excellent technical assistance.

The present investigations have been carried out with
financial aid from the Netherlands Organization for the
Advancement of Pure Research (Z.W.0.).

LITERATURE CITED

1. Akrigg, A.,, and S. R. Ayad. 1970. Studies on the
competence inducing factor of Bacillus subtilis. Bio-
chem. J. 117:397-403.

2. Bodmer, W. F. 1965. Recombination and integration in
Bacillus subtilis transformation: involvement of DNA
synthesis. J. Mol. Biol. 14:534-557.

3. Bresler, S. E., R. A. Kreneva, and V. V. Kushev. 1968.
Correction of molecular heterozygotes in the course of
transformation. Mol. Gen. Genet. 102:257-268.

4. Cahn, F. M., and M. S. Fox. 1968. Fractionation of
transformable bacteria from competent cultures of
Bacillus subtilis on renografin gradients. J. Bacteriol.
95:867-875.

5. Caro, L. G., and R. P. van Tubergen. 1962. High
resolution autoradiography. I. Methods. J. Cell Biol.
15:173-188.

6. Dooley, D. C., C. T. Hadden, and E. W. Nester. 1971.
Macromolecular synthesis in Bacillus subtilis during
development of the competent state. J. Bacteriol.
108:668-679.

7. Epstein, H. T. 1971. X-ray study of competence develop-
ment in Bacillus subtilis. Mol. Gen. Genet.
110:327-331.

8. Erickson, R. J., and J. C. Copeland. 1972. Structure and
replication of chromosomes in competent cells of Bacil-
lus subtilis. J. Bacteriol. 109:1075-1084.

9. Ferrandes, B., P. Chaix, and A. Ryter. 1966. Localisation
des cytochromes de Bacillus subtilis dans les structures
mésosomiques. C. R. Acad. Sci. 263:1632-1635.

10. Ghosh, B. K., and R. G. E. Murray. 1969. Fractionation
and characterization of the plasma and mesosome
membrane of Listeria monocytogenes. J. Bacteriol.
97:426-440.

VERMEULEN AND VENEMA

J. BACTERIOL.

11. Goodgal, S. H., and R. M. Herriott. 1961. Studies on
transformation of Haemophilus influenzae. 1. Compe-
tence. J. Gen. Physiol. 44:1201-1227.

12. Hadden, C., and E. W. Nester. 1968. Purification of
competent cells in the Bacillus subtilis transformation
system. J. Bacteriol. 95:875-885.

13. Javor, G. T., and A. Tomasz. 1968. An autoradiographic
study of genetic transformation. Proc. Nat. Acad.-Sci.
U.S.A. 60:1216-1222.

14. Kashida, H. 1961. A new embedding method for ultrathin
sectioning using a methacrylate resin with three di-
mensional polymer structure. J. Electron Microsc.
(Tokyo) 10:195-197.

15. McCarthy, C., and E. W. Nester. 1967. Macromolecular
synthesis in newly transformed cells of Bacillus
subtilis. J. Bacteriol. 94:131-140.

16. Nester, E. W. 1964. Penicillin resistance of competent
cells in deoxyribonucleic acid transformation of Bacil-
lus subtilis. J. Bacteriol. 87:867-875.

17. Potch, C. T., and O. E. Landman. 1971. Comparison of
the biochemistry and rates of synthesis of mesosomal
and peripheral membranes in Bacillus subtilis. J.
Bacteriol. 107:345-357.

18. Reavely, D. A., and H. J. Rogers. 1969. Some enzymic
activities and chemical properties of the mesosomes
and cytoplasmic membranes of Bacillus licheniformis
6346. Biochem. J. 113:67-79.

19. Rogers, H. J. 1970. Bacterial growth and the cell enve-
lope. Bacteriol. Rev. 34:194-214.

20. Sargent, M. G., B. K. Ghosh, and J. O. Lampen. 1968.
Localization of cell-bound penicillinase in Bacillus
licheniformis. J. Bacteriol. 96:1329-1338.

21. Sedar, A., and R. Burde. 1965. The demonstration of
succinic dehydrogenase system in Bacillus subtilis
using tetranito-blue techniques combined with tech-
niques of electron microscopy. J. Cell Biol. 27:53-66.

22. Sillevis Smitt, W. W., C. A. Vermeulen, J. M. Vlak, Th.
H. Rozijn, and I. Molenaar. 1972. Electron microscopic
autoradiographic study of RNA synthesis in yeast
nucleus. Exp. Cell Res. 70:140-144.

23. Singh, R. N., and M. P. Pitale. 1968. Competence and
deoxyribonucleic acid uptake in Bacillus subtilis. J.
Bacteriol. 95:864-866.

24. van Iterson, W. 1965. Symposion on the fine structure and
replication of bacteria and their parts. II. Bacterial
cytoplasm. Bacteriol. Rev. 29:299-325.

25. Vermeulen, C. A, and G. Venema. 1971.
Autoradiographic estimation of competence and the
relationship between competence and transformability
in cultures of Bacillus subtilis. J. Gen. Microbiol.
69:239-252.

26. Vermeulen, C. A., and G. Venema. 1972. The effect of
competence regime on competence, DNA absorption
and integration of DNA in cultures of Bacillus subtilis.
J. Gen. Microbiol. 71:415-424.

27. Vermeulen, C. A., and G. Venema. 1974. Electron micro-
scope and autoradiographic study of ultrastructural
aspects of competence and deoxyribonucleic acid ab-
sorption in Bacillus subtilis: localization of uptake and
transport of transforming deoxyribonucleic acid in
competent cells of. J. Bacteriol. 118:342-350.

28. Wilson, G. A., and K. F. Bott. 1968. Nutritional factors
influencing the development of competence in the
Bacillus subtilis transformation system. J. Bacteriol.
95:1439-1449.

29. Wisse, E., and A. D. Tates. 1968. A gold latensification-
elon ascorbic acid developer for Iliford L.4 emulsion, p.
465-466. In D. S. Bocciarelli (ed.), Proc. European
Region. Conf. on Electron Microscopy, Rome.

30. Wolstenholme, D. R., C. A. Vermeulen, and G. Venema.
1966. Evidence for the involvement of membranous



VoL. 118, 1974 ULTRASTRUCTURAL ASPECTS OF COMPETENCE : 341

bodies in the processes leading to genetic transforma- Chem. 238:3126-3130.

tion in Bacillus subtilis. J. Bacteriol. 92:1111-1121. 32. Young, F. E., D. J. Tipper, and J. L. Strominger. 1964.
31. Young, F. E,, and J. Spizizen. 1963. Biochemical aspects Autolysis of cell walls of Bacillus subtilis. Mechanism

of competence in the Bacillus subtilis transformation and possible relationship to competence. J. Biol.

system. II. Autolytic activity of cell walls. J. Biol. Chem. 239:3600-3602.



