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Spores of Bacillus subtilis W23 thy his were allowed to incorporate
[3H]thymine for short periods oftime either continuously from, or soon after, the
start of the first round of replication after germination. They were then trans-
ferred to nonradioactive medium to allow growth into microcolonies (up to 12
cells), which were autoradiographed. The relative numbers of various types
(major versus minor) of grain clusters associated with individual microcolonies
throughout the populations were scored. Analysis of the results showed clearly
that, in the majority of spores at least, only one chromosome was undergoing
replication soon after the start of deoxyribonucleic acid synthesis. Furthermore,
under the conditions used, no evidence for initiation of replication of a second
chromosome within 25 min after the first could be obtained. Accepting that B.
subtilis spores are essentially homogenous in deoxyribonucleic acid content, the
results support the conclusion that the spore contains only one copy of the
chromosome, not two.

It has been established that the Bacillus sub-
tilis spore chromosome, which is circular and
accounts for the whole genome (8, 14), is com-
pleted in its replication (2, 10). In addition,
there is homogeneity in individual spore deoxy-
ribonucleic acid (DNA) content (3), but there is
uncertainty as to the number of completed
chromosomes present in each spore.
On the basis of early X-ray sensitivity stud-

ies, it was suggested that spores of B. subtilis,
in contrast to some other Bacillus species, con-
tain only one copy of the chromosome (15). Sup-
porting evidence for such a conclusion was pro-
vided by a comparison of the spore DNA con-
tents of several Bacillus species (5).

Since these earlier studies, a number of auto-
radiographic investigations into the segrega-
tion of [3H]thymine-labeled chromosomes after
germination of B. subtilis spores have been
made. Accepting that the spore chromosome is
completed in its replication and that there is
homogeneity in individual spore DNA content,
the following opposite conclusions can be
drawn: (i) the spore contains one copy of the
chromosome (4, 6, 12); (ii) the spore contains
two copies of the chromosome (16).
This paper describes the results of further

autoradiographic experiments aimed at distin-
guishing between the possibilities of one and
two copies of the chromosome per spore.

If the single polydeoxynucleotide chains of
the B. subtilis chromosome were conserved in-

tact from one generation to the next, the chro-
mosome content of the spore could be estab-
lished readily by the number of such chains
segregating from one another during growth
into a microcolony. Unfortunately, the inter-
pretation of the results of autoradiographic
studies of this type, using [3H]thymine-labeled
spores, has been rendered difficult because of
"fragmentation" of the labeled chains, resulting
in relatively large numbers of grain clusters
(seven to ten) in some colonies after a few gen-
erations (1, 6, 12, 16). It is almost certain that
the difficulty in assessing the extent of such
fragmentation has been the major factor lead-
ing to the different conclusions with respect to
the number of copies of the chromosome (one
versus two) in the spore.

In the present work an attempt to overcome
this problem has been made by labeling spore
chromosomes with [3H]thymine as they un-
dergo the first round of replication after germi-
nation over only a minor portion of their
length. Fragmentation is probably the result of
some recombinational process, and the like-
lihood of it occurring within a restricted region
of the chromosome would be less. Partial label-
ing ofthe chromosome has been achieved in two
ways: continuously from the start of the first
round of replication, and by pulse labeling dur-
ing the first round. Replication of the circular
chromosome is bidirectional (14) and, in the
case of continuous labeling, each of the two
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daughters from a parent chromosome would
contain a single region of [3Hlthymine covering
the origin of replication. If the labeled region
was short, the chances of it remaining intact
through subsequent cell divisions would be im-
proved. Pulse labeling, on the other hand,
would give rise to two such regions equidistant
from and on opposite sides of the origin. The
disadvantage in this situation is that the two
labeled regions, if separated by a significant
portion of the chromosome, could readily sepa-
rate from one another during subsequent cell
divisions through the fragmentation process.
However, pulse labeling has the advantage of
enabling easier detection of a putative second
spore chromosome that might start replicating
after the first (see later).

MATERIALS AND METHODS
Bacterial strains and spore preparation. B. sub-

tilis strain W23 thy his was obtained from N. Sueoka.
Spores were prepared on plates of tryptose-blood-
agar base (Difco) supplemented with thymine (20
gg/ml) and agar (0.5%), as described by others (ii).
Media. GM-li is the germination medium of

Sueoka and Quinn (il). Penassay agar consisted of
antibiotic medium 3 (Difco) plus 1% agar.

Labeling of spores with t3H]thymine during the
first round of replication after germination and
preparation of slides for autoradiography. In all
cases, germination was at 37 C with a density of 3 x
10" to 4 x 10" spores/ml in GM-il plus uracil (20 jig/
ml). For continuous labeling from the start of germi-
nation, [methyl-3H]thymine (20 Ci/mmol, Radi-
ochemical Centre, Amersham) was present at 2.5
,ug/ml. At appropriate times, samples (0.10 ml) were
filtered (Millipore Corp., VMWP, 0.05 j,m), washed
with 2 to 3 ml of GM-li plus uracil (20 jig/ml) plus
thymine (100 jug/ml) at room temperature, and sus-
pended by vortexing in the same medium. After
diluting to various extents, 0.01- to 0.02-ml volumes
were spread on Penassay agar plus thymine (20 ,ug/
ml) for growth into microcolonies (four to six or six
to twelve cells) at 37 C, as already described (6).

For continuous labeling after a period of thymine
starvation, the germination mixture (no thymine)
was diluted at the appropriate time into an equal
volume of [3H]thymine medium at 37 C to give a
final level of [3H]thymine of 1.25 jug/ml at 20 Ci/
mmol. For pulse labeling during the first round of
replication (no thymine starvation) the germination
mixture containing unlabeled thymine (0.8 ,ug/ml)
was diluted at the appropriate time into an equal
volume of [3H]thymine medium at 37 C to give a
final specific activity of 15 Ci/mmol at 1.7 ,ug/ml. For
pulse labeling after an initial period of thymine
starvation, the germination mixture (no thymine)
was first mixed with unlabeled thymine (0.8 to 0.9
,g/ml) at 37 C and, after a further interval, diluted
with an equal volume of [3H]thymine medium to
give a final specific activity of 15 Ci/mmol at 1.7 j,g/
ml. In all cases the radioactivity was removed by

filtration at the appropriate time, and microcolonies
were allowed to develop as described above.

Autoradiography. This was carried out by using
Koday ARl0 stripping film, as described previously
(6). The time of exposure varied between 3 and 8
weeks, depending upon the particular experiment.

Scoring of grain clusters and presentation of re-
sults. A more refined procedure than that used pre-
viously for scoring grain clusters (4, 6) was devised.
The colonies were examined under bright-field illu-
mination at a magnification of x1,000 in a Zeiss
photomicroscope. Grain clusters were identified and
classified as major or minor according to the follow-
ing rules. (i) Single grains were ignored, and when
the total number of grains per colony was more than
20, groups of two grains were ignored. (Thus, for a
colony containing about 15 grains, a group of two
grains would be scored as a cluster but a single grain
would not). (ii) Groups of two grains were ignored
when the individuals were more than 1 cell width
(about 1.5 jim) apart. (iii) A cluster was classified as
minor when judged to contain less than half the
number of grains associated with the largest cluster
(a major one).
The results are presented as histograms in which

the colonies are grouped into classes defined by the
number of major clusters (1, 2, 3, 4) present; those
containing five major clusters (very rare) are in-
cluded under the ambiguous category. Each class is
shown as being made up of a number of smaller
ones, defined by the number of minor clusters (0, 1,
2, 3) in addition to the major ones. In all histograms
the 2 + 0 and 2 + 1 classes are shaded, and the 2 + 2
is specifically identified.
Only colonies unambiguously derived from single

spores were scored. Their size (four to six or six to
twelve cells) was defined by the number of cells,
clearly separated by septa.

RESULTS
Continuous labeling. The conditions of ger-

mination used in all of the experiments de-
scribed in this paper are the same as those of
Quinn and Sueoka (11), except for differences in
the levels of thymine. By using spores of a
bromouracil-tolerant derivative of W23 thy his,
these workers found that the first round of rep-
lication commenced sometime before 85 min.
By 140 min the majority (more than 80%) of
chromosomes had started a second round of
replication.
Figure 1 shows autoradiographs of microcolo-

nies growing out from W23 thy his spores which
had germinated in the presence of [3H]thymine
for 70 min before being replaced by unlabeled
thymine. All colonies shown are seen to contain
two major grain clusters, and in the two at the
bottom there is also a minor cluster present;
i.e., they fall into either the 2 + 0 or 2 + 1 class.
The 2 + 0 class would have resulted from the
labeling of a single replicating chromosome,
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FIG. 1. Autoradiographs ofcolonies developing from spores of W23 thy his germinated, from 0 min, in the
presence of[3H]thymine. At 70 min the radioactivity was replaced by unlabeled thymine to allow growth ofthe
germinated spores into microcolonies. The photographs were taken under bright-field illumination; the scale
shows 10 ,m.
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and it is most likely that the 2 + 1 class reflects
the same situation, followed by fragmentation
at some later time within one of the labeled
regions to yield an additional and minor clus-
ter. The combined (2 + 0, 2 + 1) category has
therefore been used as an estimate of the mini-
mum number of colonies resulting from the
situation in which just one chromosome was
replicating during the period of radioactive la-
beling; and it is represented by the shaded area
in the various histograms.

Figure 2 shows the results of analyzing colo-
nies, in which continuous labeling was for 60
and 70 min, for the number and type of grain
clusters present. The colonies from the shorter
labeling had been allowed inadvertently to
grow out to only four to six cells, and these are
compared with six- to twelve-cell colonies from
the longer labeling. (In the latter case, how-
ever, colonies that had grown out to only four to
six cells were scored, and the overall result was
very similar for the two size classes.) By 60 min,
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FIG. 2. Grain cluster distribution within colonies
developing from spores of W23 thy his germinated,
fr-om o min, in the presence ofPHithymine. Separate
samples were taken at 60 and 70 mmi, and in each
case the radioactivity was replaced by unlabeled thy-
mine to allow growth of the germinated spores into
colonies of suitable size for examination by autora-
diography. For the 60-mmn sample, colonies contain-
ing 15 grains or more were scored; for the 70-mmn
sampke colonies containing 20 grains or more were
scored. The numbers (1 to 4) on the abscissa identify
those colonies containing 1, 2, 3, or 4 major clusters
exclusively. The classes immediately to the right of
these numbers contain, in addition, 1, 2, or 3 minor
clusters. Colonies showing an ambiguous cluster dis-
tribution are scored on the extreme right (amb). The
percentages ofcolonies having the defined number of
grains (40% or 50%o) and therefore scored are shown
in the top right of each panel; the actual number
scored is shown immediately below this. The expo-
sure times for the 60- and 70-min samples were 8 and
4 weeks, respectively.

40% of all colonies had incorporated radioactiv-
ity to the extent of having at least 15 grains
(mostly more than 20). Figure 2A shows that,
in this case, 50% of all colonies analyzed con-
tain two major clusters exclusively, with 66%
falling into the combined (2 + 0, 2 + 1) cate-
gory. After 70 min of continuous labeling (Fig.
2B) there is a slight decrease, to 58%, in this
combined category.

Clearly, in both cases, the majority of labeled
chromosomes must have arisen from germinat-
ing spores in which only one chromosome was
replicating during the period of radioactive la-
beling. If all copies of the chromosome in an
individual spore had started replicating at ex-
actly the same time, it would follow that there
must have been only one chromosome present
in the majority of spores that gave rise to the
colonies analyzed. Knowing that there is homo-
geneity in individual spore DNA content (3),
one would then have to conclude that all spores
contain just one copy of the chromosome. The
coloniea with larger numbers of clusters would
be the result of fragmentation within the two
originally labeled chromosomal regions.

It is possible that a second spore chromo-
some, if present, might start replicating after
the first. However, if the delay between starts
were relatively short, the continuous labeling
approach could result in colonies of the 2 + 2 or
4 + 0 type. Figure 3 (top panel) shows diagram-

LABELINGOULAOBELLINOGU O O O

W~~~~~ I
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FROM FIRST

CHROMOSOME
FROM SECOND

DELAYED CHROMOSOME

FIG. 3. Diagrammatic representation showing ex-
pected patterns of radioactive labeling within the
circular daughter DNA chains segregating intact
from a parent spore chromosome after its replication
in the presence of13Hithymine for a restricted period
of time during the first round of replication. The
labeled regions are represented by the thick lines
overlaying portions of the circles, the origin of repli-
cation being at 12 o'clock. For continuous labeling
from the start of the first round (top panel), one
would expect a single-labeled region, covering a con-
tinuous portion ofeach circle and including the ori-
gin. In the case ofpulse labeling (lower panel), one
would expect to have, in each circle, two labeled
regions separated from one another and on opposite
sides of the origin.

J. BACTERIOL.



VOL. 127, 1976

matically how the 2 + 2 pattern could arise. It
is significant that the percentages of the 2 + 2
and 4 + 0 classes of colony in Fig. 2 are small
(less than 10% in both cases). Furthermore,
even though 80% of the colonies analyzed at 70
min would have been actively replicating DNA
at 60 min, there is no increase in either of these
classes at the later time. Both these facts argue
against the presence of a second chromosome
starting to replicate after the first, but before 70
min.
Some further comment on the heterogeneity

in numbers of grains over colonies in experi-
ments of the type just described and possible
bias in the scoring procedure is warranted. Var-
iations in the number of silver grains can arise
in two ways. (i) The asynchrony in initiation of
replication will mean that individual spores
will have incorporated variable amounts of ra-
dioactivity (in some cases none) by the time it is
removed. This has been assumed to be the ma-
jor factor resulting in the presence of colonies
with no or very few grains. (ii) The Poisson
nature of the distribution of silver grains pro-
duced over a radioactive source offixed size will
add to the spread in grain numbers resulting
from the variable amounts of incorporated ra-
dioactivity. The scoring of colonies with a mini-
mum number of grains ensures that, on the
average, spores furthest advanced in replica-
tion at the end of labeling are included in the
analysis. Also, it means that there is no bias
against colonies with larger numbers of clus-
ters because, for a fixed amount of radioactivity
giving a Poisson distribution of grains, there is
greater opportunity for detecting more clusters
when the number of grains is higher.
Some comment on the possible origin of colo-

nies with grain cluster distributions other than
those specifically considered in the analysis is
also relevant. One might wonder, for example,
how a 3 + 0 type colony could arise. It may have
been the result of one of two labeled regions
fragmenting into two smaller ones of approxi-
mately equal size. The subjective nature of the
scoring in conjunction with the expected varia-
tion in the number of grains over a radioactive
source offixed size could have resulted in such a
colony classified as being of either the 1 + 2, 2
+ 1, or 3 + 0 class. Alternatively, it could
represent a colony containing four clusters of
equal size, two of which were very close to one
another. These types of uncertainty exist with
respect to the origin ofmost of the minor classes
of colony, but it is not a serious problem in
drawing conclusions on the basis of the relative
number of all types present.
With respect to the opportunity for chromo-

some segregation in the present experiments,
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nuclear staining showed that a six- to twelve-
cell colony, the size analyzed in Fig. 2B and all
subsequent experiments, contained about 20 to
40 clearly distinguishable nuclear bodies. Thus,
four labeled nuclear bodies should generally
separate well from one another in such a situa-
tion.
Continuous labeling after thymine starva-

tion. The drawback in extending the time of
continuous labeling in the hope of detecting a
second and later replicating chromosome, if it
were present, is that a longer region of the first
chromosome would become labeled. The proba-
bility of fragmentation within this labeled re-
gion during subsequent divisions would then be
greater, and the amounts of radioactivity in the
daughters arising from each of the two chromo-
somes could be so disparate as to impair the
sensitivity of detecting the second. The start of
DNA replication can be held back, even though
the requirements for initiation have been com-
pleted, by withholding thymine from the me-
dium. Subsequent labeling with [3H]thymine
can then be extended to later times with less
danger of encountering the problems just men-
tioned. Figure 4 shows the distribution of grain
clusters within colonies derived from spores ger-
minated in the absence of thymine for 60 min
and then labeled with [3H]thymine over the
periods of 60 to 75 and 60 to 90 min. In the
former case (Fig. 4A) most colonies (56%) still
fall into the combined (2 + 0, 2 + 1) category.
There is no significant increase in the 2 + 2
class to indicate a second spore chromosome
starting to replicate during the second half of
the 60- to 75-min period.

After the longer period of labeling (Fig. 4B),
the 2 + 2 class increases slightly, but it is still
minor at less than 10%. At least 55% of the
colonies analyzed in this case would have incor-
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FIG. 4. Grain cluster distribution within colonies
from spores germinated in the absence of thymine for
60 min followed by labeling with [3H]thymine over
the periods of 60 to 75 min and 60 to 90 min. The
colonies were six to twelve cells in size and those
containing 15 grains or more were scored. The expo-
sure time was 3 weeks in both cases.
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porated a significant amount of radioactivity by
75 min, and there is thus no evidence of a
second spore chromosome commencing replica-
tion during the 75- to 90-min interval. There is
a significant increase in the percentage of colo-
nies with larger numbers of clusters, but these
would be expected because of the increased op-
portunity for fragmentation within the rela-
tively long chromosomal regions that would
have incorporated [3H]thymine over the 30-min
period.

Pulse labeling. Pulse labeling during the first
round of replication after germination should
enable easier detection of a second spore chro-
mosome starting shortly after the first. Figure 3
(bottom panel) shows how the daughters from
both chromosomes would all be labeled to the
same extent, provided the second chromosome
began replication before the introduction of the
pulse and that the rates of DNA chain growth
in both chromosomes were the same. 4 + 0 type
colonies would result. Figure 5 shows the grain
cluster distribution in colonies growing out
from spores and pulse labeled over the period of
75 to 85 min. In this experiment 80% of the
colonies, those containing a certain minimum
number of grains, were scored. Knowing that
at least 40% of all colonies would have started
replication before 60 min, it follows that at least
50% of the colonies scored in Fig. 5 would have
commenced replication before 60 min. If a sec-
ond chromosome started to replicate up to 15
min after the first, one would expect to see a
dramatic increase in the proportion of the 4 + 0
type of colony, but this has not occurred. In
addition, it is significant that the 2 + 2 class of
colony also comprises only a small proportion
(less than 5%) of all types found. This argues
against the presence of a second chromosome
starting to replicate sometime during the 75- to
85-min interval, i.e., 15 to 25 min after the first.
Pulse labeling after thymine starvation.

Figure 6 shows the grain cluster distribution
among colonies developing from spores germi-
nated in the absence of thymine for 60 min and
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FIG. 5. Grain cluster distribution within colonies
pulse labeled with [3H]thymine over the 75- to 85-min
period. Colonies of6 to 12 cells in size, containing 10
to 20 grains, were scored (2% contained more than 20
grains). Exposure time was 4 weeks.
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FIG. 6. Grain cluster distribution within colonies
from spores germinated in the absence ofthymine for
60 min followed by pulse labeling with [3H]thymine
over periods of 75 to 80 min and 85 to 90 min. The
colonies were six to twelve cells in size and those
containing 10 to 20 grains were scored (less than 1 %
contained more than 20 grains). Exposure time was
4.5 weeks in both cases.

pulse labeled with [3H]thymine over the pe-
riods 75 to 80 and 85 to 90 min. In the former
situation (Fig. 6A) at least 60% of the colonies
analyzed would have been ready to start repli-
cation at 60 min. The relatively small number
(less than 10%) of the 4 + 0 class of colony
argues strongly against the presence of a sec-
ond chromosome starting to replicate up to 15
min after the first. The similar result for the
later pulse labeling, where at least 50% of the
colonies would have started replication at 60
min, argues against the presence of a second
chromosome starting to replicate up to 25 min
after the first. It is significant that, even with
this relatively late labeling over the short 5-
min period, 50% still fall into the combined (2 +
0, 2 + 1) category. However, it should be
pointed out that, when four to six colonies were
analyzed, the value for this category was some-
what less, 40%, with slightly more, 15%, being
of the 4 + 0 or 4 + 1 type. In every other
experiment four to six cell colonies likewise
were scored and, without exception, the com-
bined (2 + 0, 2 + 1) category was the same as
or slightly greater than in the case of six- to
twelve-cell colonies. The reason for the unex-
pected behavior after the 85- to 90-min labeling
in this particular experiment is not obvious.
But certainly there was not the dramatic shift
in the pattern of the histograms for either the
smaller colonies or those analyzed in Fig. 6,
when compared with the earlier ones, to indi-
cate a majority of colonies with larger numbers
of grain clusters. Such a result would have been
expected had there been additional replications
in second chromosomes along with fragmenta-
tion within the daughters of a single-labeled

J. BACTERIOL.
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chromosome, which could occur more readily in
these cases of short pulse labeling.

DISCUSSION
In the present series of experiments it was

hoped that, by labeling only a small portion of
the germinating spore chromosome with
[3H]thymine, the probability of fragmentation
within the labeled regions during subsequent
growth into a microcolony would be reduced.
Certainly, where [3H]thymine was present
right from the start ofgermination and up until
shortly after the beginning of the first round of
replication, the approach has been successful.
The major class of colony (more than 40%) was
that containing two grain clusters exclusively
(see Fig. 2). This is very different from the
situation arising from the use of fully labeled
spores, where usually much less than 20% of
colonies of similar size were of this type (1, 16).
Comparison with the previous results of our
own with fully labeled spores (6) do not appear
to show this difference. However, in scoring
grain clusters in that case, minor clusters were
ignored.
The experiments utilizing continuous label-

ing up to 70 min without prior thymine starva-
tion show clearly that, in the majority of spores
at least, only one chromosome is undergoing
replication soon after the initiation of DNA
synthesis. In the other experiments, later times
of labeling, continuous and pulse, were used in
an attempt to detect a putative second spore
chromosome beginning replication after the
first. Certainly, there was no positive indica-
tion of a second chromosome starting within 25
min of the first. The results of other workers
strongly suggest that heterogeneity to such an
extent in the time of initiation ofDNA replica-
tion within individual spores is most unlikely
(see references 7 and 10). Thus, considered alto-
gether, the results of the present experiments,
designed to distinguish between the alterna-
tives of one and two chromosomes per B. sub-
tilis spore, clearly favor the former situation.

Of the previous autoradiographic studies
suggesting the presence ofjust one chromsome
in the majority of spores, those of Ryter and
Jacob (12) are the most convincing. Complica-
tions due to fragmentation were minimized
here by examining spore-derived microcolonies
after just two rounds of replication by high-
resolution autoradiography under the electron
microsope. But, there is one particular aspect of
Yoshikawa's (16) results, suggesting two chro-
mosomes, that is difficult to explain. It is that
the four segregating units produced during the
early generations in his experiments were of

similar size. It is most unlikely that the differ-
ent strain used by Yoshikawa would be of any
consequence as the amount ofDNA per B. sub-
tilis spore has been found to be the same for
various strains (1, 4, 5).
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