
JOURNAL OF BACTERIOLOGY, Oct., 1966
Copyright © 1966 American Society for Microbiology

Vol. 92, No. 4
Printed in U.S.A.

Evidence for the Involvement of Membranous
Bodies in the Processes Leading to Genetic

Transformation in Bacillus subtilis
DAVID R. WOLSTENHOLME, CORNELIUS A. VERMEULEN, AND GERHARDUS VENEMA

Max-Planck-Institut fur Biologie, Abteilung Beermann, Tiibingen, Germany, and Genetical Institute,
University of Groningen, Haren (Gr.), the Netherlands

Received for publication 28 July 1966

ABSTRACT
WOLSTENHOLME, DAVID R. (Max-Planck-Institut fur Biologie, Tubingen, Ger-

many), CORNELIUS A. VERMEULEN, AND GERHARDUS VENEMA. Evidence for the
involvement of membranous bodies in the processes leading to genetic transforma-
tion in Bacillus subtilis. J. Bacteriol. 92:1111-1121. 1966.-Data obtained from
electron microscopic autoradiographs of profiles of cells of a Bacillus subtilis popu-
lation exposed to H3-thymidine-labeled donor deoxyribonucleic acid (DNA) during
the phase of maximal competence indicated that molecules originating from ab-
sorbed DNA are closely associated with membranous bodies, particularly with
those situated in the cytoplasm, but that most if not all of the radioactive molecules
are outside the bodies. It is suggested that membranous bodies produce enzymes
essential to the eventual incorporation of transforming DNA into the bacterial
genome, or to the breakdown and utilization or expulsion of absorbed DNA not
incorporated as transformant (or to both processes). During the phase of maximal
competence, the total number of membranous bodies seen in profiles increased
continuously to as much as 2.3 times the numbers found during earlier stages of
culture. This increase was not accounted for by a decrease in bacterial cell volume,
but resulted from an actual increase in total volume of membranous bodies. The
number of membranous bodies visibly connecting plasma membrane and nuclear
region increased during maximal competence to as much as 30 times the numbers
found in earlier stages. As both increases were found in the absence of donor DNA
and only began after maximal competence was attained, it seemed most probable
that they were an expression of a physiological state influenced by the continuing
deficiency of nutrients in the growth medium during this phase of culture.

In electron micrographs of two readily trans-
formable species of bacteria, Bacillus subtilis (5,
15, 21) and Diplococcus pneumoniae (19), mem-
branous bodies [which have also been referred to
as chondroids (15), peripheral bodies (5, 21), and
mesosomes (3)] are often found which are fre-
quently attached to the plasma membrane of
developing cross walls. Such bodies are sometimes
seen to be in direct contact with the nuclear re-
gion of the cell. These observations, together with
the suggestion of a correlation between the state
of division of the cell and competence in D. pneu-
moniae (6), have led to a consideration of the
possibility that the membranous bodies play a
part in the entry of donor deoxyribonucleic acid
(DNA) into a recipient cell (19, 20).
This report deals with the results of experiments

involving electron microscopic autoradiography
of B. subtilis cells exposed to H3-thymidine-
labeled donor DNA during an extended period
of maximal competence (18, 23), made in an
attempt to determine whether the membranous
bodies are involved in any of the cell processes
leading to transformation.

MATERIALS AND METHODS

The B. subtilis cells used as recipient in all experi-
ments were of a strain auxotrophic for indole and
autotrophic for tyrosine (ind tyr+). Competent
cultures of these cells were made by the method
described by Venema, Pritchard, and Venema-
Schroder (23). This involved growing the bacteria at
37 C with constant aeration in Spizizen's minimal salt
medium with 0.5% glucose, 0.02% casein hydrolysate,
107 M Mn+2, and 20 jug of indole per ml added. The
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growth of the cultures was followed by measuring the
extinction at a wavelength of 450 m,u in a Zeiss PMQ
II spectrophotometer. At the end of the logarithmic
phase of growth, when the rate of increase was
approximately one-half maximal, the cells were
diluted twofold with growth medium without indole
and casein hydrolysate. Maximal competence was
reached 90 min later, and was maintained for at
least 1 hr (23).
The DNA used as donor was extracted by a

modification (23) of the method described by Kirby
(8), and added to the recipient population at a con-
centration of 5 /,g/ml of recipient cells. In the first
experiment, H3-thymidine-labeled DNA was prepared
from cells of a strain autotrophic for indole and
auxotrophic for tyrosine and thymidine (ind+ tyr thy),
which had been grown in a medium supplemented
with 10 jug/ml of H3-thymidine (specific activity,
240.8 ,c/mmole). This DNA was added to an ind tyr+
culture 90 min after dilution, and the culture was
incubated an additional 60 min.

Samples (3 ml) for electron microscopy were taken
at each of the times indicated in Fig. 6. Each sample
was centrifuged at 2,000 X g for 5 min at room
temperature (c21 C). The supernatant fluid was
poured off, and the bacteria were mixed with 5 ml of
Kellenberger's 1% OSO4 at 0 C. (In Fig. 6, the times
shown are those at which the cells were removed from
the cultures. In all cases, the actual time of fixation
was approximately 5 min later.) After fixation at room
temperature for 24 hr, the cells were treated with
uranyl acetate (15), dehydrated in a graded series of
ethyl alcohol, and embedded in methacrylate-divinyl
benzene (9). Thin sections (-600 A) were cut by use
of an LKB Ultrotome microtome with a diamond
knife, and mounted on copper grids covered with a
carbon-coated Formvar film.

The presence or absence of membranous bodies and
the number and position of these bodies, when present,
were noted in each of 1,000 profiles of cells from each
sample at 20,000 X in a Siemens Eimiskop I electron
microscope. (When a membranous body was found
lying partly in the cytoplasm and partly in the nuclear
region, it was awarded to the region containing the
most of it. To minimize the inclusion of more than
one profile from the same bacterium, not more than
one section in ten was used.) Also recorded at 20,000
X were the maximal and minimal dimensions of 25
membranous bodies situated in the nuclear region and
25 membranous bodies situated in the cytoplasm of
profiles selected at random from each of the nine
samples. The maximal and minimal diameters of 100
profiles of cells from each of samples 1-3 and 7-9
(see Fig. 6) were noted from negatives taken at
8,000 X.

Electron microscopic autoradiographs were made
of sections of cells of samples 7, 8, and 9, and also of
cells of a sample taken near the end ofthe logarithmic-
growth phase from the free H3-thymidine-supple-
mented culture of ind+ tyr thy cells, from which the
radioactive donor DNA was prepared. The auto-
radiographs were made by use of the method of Caro,
Van Tubergen, and Kolb (2), which involves direct
application of a gelled loop of Ilford L4 nuclear

emulsion to mounted sections, and development for
5 min in Microdol-X. Exposure was for about 90
days. Negative photographs of 50 grains associated
with bacterial profiles from each of the four samples
were made with a Zeiss EM 9 electron microscope at
20,000 X. A grain was considered to be associated
with a bacterial profile if its center lay within one-half
its maximal diameter from the edge of the profile.
From a consideration of the number of grains not
associated with cell profiles over the area searched for
the 50 grains in each sample, and from estimates of
the total area occupied by bacteria in the sections
examined, it was determined that in any of the three
samples no more than 4.6% of the grains can be
attributed to background. Measurements of the
distances of the centers of grains (i.e., the point
judged to be equidistant from the extremities of the
grain viewed as a two-dimensional object in the
micrograph) to the various parts of the cell profile
were made on the negatives.

In the second experiment, approximately 90 min
after a population of ind tyr+ cells was diluted at
the end of the logarithmic phase of growth, the culture
was divided into two equal parts. Nonradioactive
donor DNA (ind+ tyr) was immediately added to one
of the subcultures, and the two subcultures were
incubated for an additional 70 min. One sample for
electron microscopy was taken during the logarithmic
phase of growth and another at the beginning of the
phase of maximal competence, just before the culture
was divided. Further samples were taken from each
of the subcultures at 18, 38, and 70 min. The presence
or absence of membranous bodies in profiles was
determined as in the first experiment.

In previous experiments under the present condi-
tions of culture and with the same recipient strain and
either of the donor strains, the transformation rate
for indole was constantly about 0.01% at the end of
the logarithmic-growth phase, and about 0.1% during
the phase of maximal competence.

RESULTS

Many of the membranous bodies of B. subtilis
were composed of a spiral of membranes (Fig.
1-5), with the outer three-layered membrane
having the same characteristics of width and
density as the unit membrane forming the plasma
membrane of the cell. The inner membranes ap-
peared to be formed by the infolding of the outer
membranes. Some of the membranous bodies
appeared vesiculated (Fig. 5), each vesicle being
bounded by either a unit membrane or what ap-
peared to be a single-layered membrane about
30 A thick. Such bodies were sometimes found
attached to the more frequent spiral membranous
bodies (Fig. 5). As well as being found attached
to regions of the plasma membrane involved in
cross-wall formation (Fig. 3 and 5), in B. subtilis
membranous bodies were also found attached to
the plasma membrane at places where it was
clearly not involved in new cross-wall formation
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FIG. 1. Electron micrograph of a thin section of a cell of Bacillus subtilis showing a membranous body (M) in
the nuclear region (N); cy, cytoplasm. X 120,000.

FIG. 2. Electronz micrograph ofa thin sectioni ofa cell of Bacillus subtilis showinzg a membranous body (M) in
the cytoplasm (cy); N, nuclear region. X 120,000.

FIG. 3. Electron micrograph showing a membranous body (M) which lies in the nuclear regionz (N), anid is also
continuous with the plasma membrane (P), where the latter is involved in the formation of a new cross-wall (cw).
X 170,000.
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FIG. 4. Electroni micrograph showilng a membranous body (M) which lies in the nuclear regioni (N), anid is also
conitin1uouis (arrow) with the plasma membranie (P), where the latter is clearly niot involved in the formationt of a
niew cross-wall. X 170,000.

FIG. 5. Electroni micrograph showinig a rare case of a membranious body (M) which is attached (arrows) both
to the plasma membran7e (P) at the place where the latter is inzvolved in the formationi of a new cross-wall (cw),
aiid to a seco,id, vesiculated membranouis body (Mv) embedded in the ntuclear regioni (N). X 170,000.
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(Fig. 4). Membranous bodies at both points of
attachment to the plasma membrane were some-
times found to penetrate the nuclear region of the
cell (Fig. 3, 4, and 5).

After the addition of donor DNA in the first
experiment, there was a continuous increase in
the number of membranous bodies observed in
both the cytoplasm and the nuclear region of cell
profiles during the phase of maximal competence
examined (Fig. 7). Since the volume of bacterial
cells did not decrease during maximal competence
[the mean maximal and minimal dimensions of
cells taken during maximal competence were
1.101 ,A (±fi0.025) and 0.585 u (±0.004), respec-
tively, compared with the similar dimensions of
0.952 p (i0.023) and 0.559 ,u (±0.004) for cells
taken during the logarithmic phase of growth],

Sample No.

Optical density at450l

Time (minutes)

H3 thymidine
Dilution labelled

Logarithmic phase DNA added

(15)030) (60)

I 2 3 42 l 678 9
08 1.38 1.86 2.0

0 60 120 180 240 300 360

FIG. 6. Times at which the samples of cells were

takein for electron microscopy during the different
stages of culture of a population of Bacillus subtilis.
The solid arrow head beneath the abscissa indicates the
beginning of the phase of maximal competence. The
time in minutes at which each sample was taken after
addition of the labeled DNA is show,, in parentheses
above each sample number.
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FIG. 7. Number of membranous bod
1,000 profiles (X, total; 0, cytoplas
region) of cells from each of the sampli
the different stages ofculture ofa popula
subtilis. The solid arrow beneath the ab
the beginning of the phase of maximal X

these increases represented an increase in the
total volume of membranous bodies. The results
of measuring membranous bodies in each of the
samples (Fig. 8) indicated that an increase in
volume of the individual membranous bodies
contributed to at least the initial rise in the ob-
served body numbers. Towards the end of maxi-
mal competence, an actual increase in the number
of individual bodies in the nuclear region must,
however, occur.

After addition of donor DNA, there was also
a striking continuous increase in the number of
membranous bodies found connected to the
plasma membrane and also penetrating the
nuclear region (Fig. 9). This increase was greatest
for connections to the plasma membrane where
the latter was not visibly involved in cross-wall
formation.

In autoradiographs (Fig. 10), there was a suc-
cessive significant increase in the distance of the
mean positions of grains from the outer limit of
the cell wall in samples 7-9 (t98 = 3.17, P =

< 0.01, > 0.001 for the difference between the
means of samples 7 and 9) (Fig. 11). This finding
was consistent with there being a continuous
increase in the mean number of radioactive
molecules in the nuclear region relative to those
found either at the cell wall or in the cytoplasm
of cells of the population with time after the addi-
tion of the labeled donor DNA. The distribution

29 60 120 180 240 300
Time (minutes)

240
I

FIG. 8. Mean maximal (0) and minimal (0)
240 300 diameters of25 membranous bodies founzd in the cyto-

plasm, and the mean maximal (A) and minimal (A)
ties observed in diameters of25 membranous bodies fountd in the nuclear
m; A, nuclear region in profiles of cells of each sample taken during
es taken during the different stages ofculture ofa population ofBacillus
ition ofBacillus subtilis. The solid arrow head beneath the abscissa
,scissa indicates indicates the beginning of the phase of maximal com-
competence. petence.
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20 60 120 180 240- 300

Time (minutes)
FIG. 9. Number of connections formed by mem-

branous bodies between the nuclear region and the
plasma membrane (X, total; 0, plasma membrane at
new cross-wall formation; A, plasma membrane at
place other than new cross-wall formation) observed in
1,000 profiles of cells from each of the samples takeni
during the different stages of culture of a population of
Bacillus subtilis. The solid arrow beneath the abscissa
indicates the beginning of the phase of maximal com-

petence.

of grains for the ind+ tyr thy sample showed what
would be expected if all of the radioactive source
were in the nuclear region.

In profiles of bacteria with which a grain was
associated, from each of samples 7, 8, and 9,
membranous bodies occurred with a frequency
significantly higher than that found in nonauto-
radiographed profiles (Table 1). This suggested
that membranous bodies are found in the vicinity
of the source of radioactivity responsible for
activation of the silver grains more often than
would be expected owing to chance. In all three
samples of autoradiographs (Table 1), the per-
centage of profiles in which the nearest mem-
branous body to the grain was in the cytoplasm
was significantly in excess of what would be
expected from a consideration of the percentage
of nonautoradiographed profiles which contain
cytoplasmically situated membranous bodies.
Similarly, in autoradiographs, the percentage of
profiles in which the nearest membranous body
to the grain was in the nuclear region was less
than expected.

In all three of the competent samples, there
appeared to be a concentration of grains lying
outside the membranous bodies and within a
rather constant distance (mean positions, 1,300-
1,600 A) from their boundaries (Fig. 12), sug-
gesting again that positions of the sources of
radioactivity and the membranous bodies are
closely related. In comparison with these latter

distributions, however, the greatest concentration
of grains in the ind+ tyr thy sample lay over the
edge of the nuclear region (which was assumed to
be the only source of radioactivity in this sample).
Of these grains, 84% lay within 1,000 A of the
nuclear edge, and their mean position was at
350 A outside this boundary.
These latter findings are consistent with similar

measurements of the positions of grains over
H3-thymidine-labeled profiles of B. subtilis made
by Caro (1). Of the grains, 89% lay within
1,000 A of the nuclear margin, and the mean po-
sition of these grains [calculated from Fig. 8 of
Caro (1)] was 180 A from the limit of the nuclear
region. A comparison of this grain distribution
with that resulting from a much smaller source
offered by H3-thymidine-labeled bacteriophage
(roughly spherical, 600 A in diameter), shown by
Caro (1), revealed that the number of grains over
the smaller source was less, and that the mean
and mode of the grain distribution lay further
away from the edge of the smaller source. The
mean lay at 1,000 A from the edge of the bac-
teriophage [calculated from Fig. 6 of Caro (1)].

In the present experiment, the mean sizes of
the membranous bodies in each of the competent
samples were smaller than the mean size of the
nuclear region of the ind+ tyr thy profiles (see
Fig. 12). From the above consideration of Caro's
data, therefore, the differences in positions of the
means and modes of the grain distributions of
the competent and ind+ tyr thy samples did not
in itself rule out the possibility that, in cells of the
competent samples the sources of radioactivity
lay completely within the limits of the mem-
branous bodies. However, the mean sizes of the
extended sources offered by the membranous
bodies were larger than the bacteriophages
studied by Caro (1), but the mean positions of
the grains were further away from the edge of the
membranous bodies than they were from the edge
of the bacteriophages. This suggests that the grain
distributions of samples 7, 8, and 9 might result
from sources of radioactivity most of which, if
not all, lie outside the limit of the membranous
bodies, rather than from points distributed at
random throughout them.
That the grains associated with membranous

body-containing profiles in each sample were
actually closer to the membranous bodies than
would be expected if the radioactive source and
membranous bodies were distributed in the pro-
files independent of each other was confirmed in
the following way. From the mean maximal and
minimal measurements of cell profiles with which
a grain was associated and which contained a
membranous body, a diagram of a cell profile
was constructed on graph paper for each of sam-
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ples 7, 8, and 9 (Fig. 13). The mean curvature of
each of the two narrow ends was considered to be
exactly one-half the arc of a circle. [That the
areas of the figures constructed in this way were
at least as small as those of the actual mean areas
of the samples of profiles was ascertained by
comparing the mean area of 30 labeled mem-

branous body-containing profiles (10 of which
were taken at random from each of samples 7, 8,
and 9), calculated as described above, with the
mean area of the same profiles calculated from
graph-paper outlines. The values obtained by the
two methods were 0.5023 and 0.5027 ,. 2, respec-
tively.] Before each figure was constructed, the

lOd
A .....

lOe

FIG. 10. Electron microscopic autoradiographs of membranous body containing profiles of cells of a
population of Bacillus subtilis exposed to H3-thymidine-labeled donor DNA during the phase of maximal com-
petence. The membranous bodies, M, are clearly distinguishable from small sections of nuclear region,
N, by their more definite outline resulting from their membrane boundary. (a and b) A membranous body
lying in the cytoplasm (samples 8 and 7, respectively). (b) A membranous body lying in the nuclear region
(sample 9). (c) This profile contains two membranous bodies, one lying in the nuclear region and one in the
cytoplasm (sample 8). (e) A membranous body, Mc, connecting the plasma membrane and the nuclear region
(sample 7). All micrographs, X 60,000.

1117VOL. 92, 1966



WOLSTENHOLME, VERMEULEN, AND VENEMA

U1)
c
L._

0
0

.0
E
z

2

8 _ dtampl th I

6 -Sampte 7

2 -
8 _Sample 9

8 indSampl th9IOts ii

6 _of cell wall

2 rAt n

35 30 25 20 15 10 5 0 5
X-units (xlO0)

10 15 20

FIG. 11. Comparative frequenicy distributions, rel-
ative to the outer limit of the cell wall, of 50 grains
over profiles of cells of each of the three samples taken
durinig the phase ofmaximal competence after additionl
of H3-thymidine-labeled donzor DNA, and of ind+ tyr
tlhy cells grown in a medium suipplemented with free
H3-thymidine. The arrow above each histogram intdi-
cates the sample meani, anid the arrow otn each abscissa,
the meati positiont of the edge of the nuliclear regiont.

mean dimensions were corrected for the presence
of more than one body in some of the profiles by
halving the maximal dimension of each profile
containing two bodies, and reducing to one-third
the maximal dimension of each profile containing
three bodies, etc. The areas of the constructed
figures were corrected for the thickness of the cell
wall (about 250 A). The mean position of the
grains relative to the outer limit of the cell wall
was marked at the mid-position of the greater
diameter of the figure. A 2,500-A arc was then
drawn, taking the mean position of the grains as
its center. The radius of 2,500 A was made up of
1,500 A, the distance from the edge of the mem-
branous bodies within which the greatest con-
centration of grains occurred on the histograms
in Fig. 12, plus 1,000 A, the mean diameter of
the membranous bodies, taken in a line from the
center of the grain to the nearest edge of the body,
for all three cell samples. The area within the
2,500-A arc and the area outside the arc, but
within the cell wall of the bacterial profile, was

15 20 25 30 35 40 45 50 55 60
A-units (xiOO)

FIG. 12. Comparative percentage frequenicy dis-
tributionis of grainis over membranious body-conitaininitg
profiles ofcells ofeach ofthe three samples takenl durinig
the phase of maximal competence after additionz of
H3-thymidine-labeled donor DNA, relative to the
nzearest edge of the nearest membranious body, atnd of
grains over profiles of ind+ tyr thy cells grownz int a
medium supplemenited with free H3-thlynidinte, relative
to the edge of the niuclear regioni. The arrow above each
histogram inidicates the sample meant. Tlhe niumbers to
the left of each histogram represent the meant maximal
anid mintimal dimentsionls of the ntearest membranious
bodies to the grains in each sample. The niumber of
observations for each sample is showli in parenitheses.

calculated from each figure. The number of
membranous bodies lying completely within a
2,500-A arc was then compared with the number
of membranous bodies lying outside this arc. In
each sample (Table 2), more membranous bodies
were found within the 2,500-A radius of the mean
position of the grains than would be expected if
the radioactive source and membranous bodies
were distributed over the area of the profiles
independent of each other. The chi-square values
were progressively less from sample 7 through
sample 9, indicating a mean decrease in associa-
tion of membranous bodies and radioactivity
with time.
The mean distance from the center of grains

associated with profiles of sample 7, in which
either a developing cross-wall or a newly formed
cross-wall was evident, to the nearest point of the
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GENETIC TRANSFORMATION IN B. SUBTILIS

TABLE 1. Comparisoni of the occurrenice anid positionis ofimembranous bodies in grail-associated
profiles anid in normal, nioniautoradiographed profiles of each of the three samnples takeii

durinig the phase of maximal competen,cea

Determination

Membranous bodies are found............
Two membranous bodies are found.......
Three or more membranous bodies are
found ..................................

The nearest membranous body to the grain
is in the cytoplasm......................

A membranous body is found in the cyto-
plasm ..................................

The nearest membranous body to the grain
plasm ..................................

A membranous body is found in the nu-
clear region............................

Sample 7

Grain-
associated
profiles

70***
22***

8***

56***

14§

Normal
profiles

35.1
6

1.8

21.4

24.3

Sample 8

Grain-
associated
profiles

76***
6t

4t

168***

Normal
p)rofiles

40.6
7.9

1.6

23.7

28.1

Sample 9

Grain-
associated
profiles

80***
16t

2t

56***

24*

Normal
profiles

50.7
10.5

24.0

39.2

*t Levels of significance for chi-square are: t, >0.2; §<0.1, >0.05; ,* <0.05, >0.01; **, <0.01, >0.001;
***, <0.001. Results expressed as percentage of profiles in which the various determinations were made.

new cross-wall formation was found to be 0.506 ,u
(±0.091); the distance to the furthest point at
the opposite end of the profile was 0.435 ,u
(±+0.54) (t24 = 0.678, P = <0.6, >0.5). This
result does not support the view that donor DNA
entered the cell preferentially at new cross-wall
formations.

In the second experiment, the total number of
membranous bodies observed in profiles of cells
of the subculture from which DNA was omitted
was found to increase continuously during maxi-
mal competence to 1.7 times the number found
in any previous stage of culture, compared with
a similar increase of up to 1.3 times in profiles of
cells of the subculture supplemented with donor
DNA. Also, during maximal competence, the
number of membranous-body connections be-

FIG. 13. Bacterial profile constructed from the meac
maximal anid miniimal dimensionis, corrected for the
presentce of more thani onle membranious body (mbs), of
membrantous body-conitaining profiles of sample 7.
The arc of radius 2,500 A is drawiz from a poinit repre-
senitinig the meani positio/l of the center of the grains
relative to the outer limit of the cell wall.

tween the plasma membrane and the nuclear
region in cells of the subculture lacking DNA was
found to increase to 30 times the number found
at earlier stages of culture, compared with 15
times in cells of the culture to which DNA was
added. The presence of donor DNA in the culture
medium was not, therefore, a prerequisite for the
increases in membranous bodies to take place,
but appeared, in fact, to partially inhibit body
increase.

DISCUSSION

In B. subtilis and D. pneumnoniae, only one
strand of a donor DNA molecule taken into a cell
appears to be incorporated into the recipient
genome (10, 23). There is little information at the
present time concerning either the fate of the un-
incorporated strand or the percentage of DNA
absorbed which is physically integrated as an in-
tact single strand in B. subtilis. For D. pneumoniae,
however, estimates of absorbed DNA which
bring about transformation vary from 20 to 50 ',
(4, 10, 12), and evidence has been presented (10)
that the remainder is degraded, and that at least
some of the products are incorporated into the
nuclear DNA by normal synthetic pathways. It
is possible, therefore, that in the present experi-
ment the activation of grains may have resulted
from radioactivity resident in a variety of mo-
lecular species originating from absorbed donor
DNA. The finding that the mean position of the
grains in the autoradiographs is nearer to the
nuclear edge with time indicates that, in B. sub-
tilis, the H3-labeled molecules which result from
degradation of absorbed donor DNA not in-
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TABLE 2. Data concerning the relative distribution of membranous bodies and silver grains
in profiles of each of the samples taken during the phase of maximal competence

Determination Sample 7 (15 min after Sample 8 (30 min after Sample 9 (60 min after DNADNA addition) DNA addition) addition)

Number of membranous body-con-
taining profiles................ 35 38 40

Mean diameter of profiles (cor-
rected for presence of more
than one body)

Maximal ........................ 8,750 A 9, 200 A 9,880 A
Minimal........................ 5),090 A 5,490 A 5,540 A

Mean distance of the center of the
grains from the outer edge of
the cell wall................... 575 A 657 A 1 255 A

Percentage area of profile con-
tained within a radius of 2,500
A from mean position of center
of grains ...................... 36.1 31.5 35.2

Percentage membranous bodies
found completely within a
radius of 2,500 A from mean
position of center of grains. 71.4 63.2 57.5

Chi-squared for deviation in ex-
pected -and observed numbers
membranous bodies lying
within and outside 2,500-A arc.. 19.0 (P, <0.001) 17.7 (P, <0.001) 8.7 (P, <0.01, >0.001)

corporated as an intact single strand must eventu-
ally be either incorporated into the nuclear ma-
terial or lost from the cell.
The close association of molecules originating

from H3-thymidine-labeled donor DNA and the
membranous bodies, indicated by the autoradi-
ography data, suggests that the membranous
bodies are essential to some process concerning
the donor DNA after its entry into the bacterial
cell. This process seems to involve primarily
cytoplasmically situated membranous bodies,
since the nearest membranous body to the grain
is more often in the cytoplasm and less often in
the nuclear region than expected. The finding of
grain-associated profiles which do not contain
membranous bodies in each of samples 7, 8, and
9 indicates that at least some of the products of
absorbed donor DNA are not confined within the
membranous bodies; a consideration of the dis-
tribution of grains in membranous body-contain-
ing profiles, relative to the nearest membranous
body, leads to the conclusion that most if not all
of the radioactive molecules are either on the edge
of, or outside, the bodies, rather than being dis-
tributed at random within them [c.f. the postula-
tion of Miller and Landman that "DNA enters
the cell interior via the mesosome" (Mendel
Memorial Symp. Prague II, p. 36, 1965)]. The
noted decrease in chi-square with time for the
measure of a close association of radioactive
source and membranous bodies indicates this

association to be transient. The fact that after 1
hr of incubation the association can still be
demonstrated suggests, however, that it is main-
tained for some time.

There is evidence that the membranous bodies
are the mitochondrial equivalents of B. subtilis
(11, 17, 22). It seems plausible, therefore, that
their association with the molecules resulting from
donor DNA reflects their involvement in produc-
ing enzymes necessary for one or more of the
processes essential for the eventual incorporation
of donor DNA into the bacterial genome, and the
further utilization or expulsion of breakdown
products of DNA not incorporated as an intact
single strand.

Since the noted increase in volume of mem-
branous bodies takes place in the absence of
donor DNA, and since such increases are not
found to accompany the continuous increase in
competence of the population which takes place
during the 90-min period after dilution (Venema,
unpublished data), it must be an expression of the
physiological state of the cells during the phase
when the population is maximally competent.
The increase in membranous bodies may be a re-
sponse to the low concentration of nutrients pres-
ent in the growth medium by the beginning of
maximal competence and the continuing decrease
in nutrients during this phase. This would imply
that an increase in body volume is necessary for
normal enzyme production to continue and,
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plausibly, for the maximal level of competence
to be maintained, after the point when specific
exogenous nutrients reach a certain minimal
concentration. Evidence has been presented
(14) that the membranous bodies forming con-
nections between the nuclear region and the
plasma membrane are instrumental in division of
the bacterial genome. Because the rate of division
of cells of the strain examined does not increase
during the phase of maximal competence (Ver-
meulen, unpublished data), the noted increase in
membranous-body connections (of which the
total increase in membranous bodies must be, at
least in part, a function) suggests that, at least at
this time, they have an additional function. Their
formation may be a general means of facilitating
rapid exchange of materials throughout the
cytoplasm, and also a means of ensuring close
association between the membranous bodies and
the molecules resulting from absorbed donor
DNA during the intracellular passage of the
latter. The initial association of membranous
body and donor DNA could be ensured by the
membranous bodies determining the point of
entry of the donor DNA into the cell.
The apparent inhibitory effect of donor DNA

on membranous-body increase may be a re-
flection of an overall decrease in enzyme-mediated
activity after absorption of the DNA.
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