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We have followed, by deoxyribonucleic acid-deoxyribonucleic acid hybridiza-
tion, the order of replication of three chromosomal markers during a synchro-
nous round of replication in three strains of Escherichia coli carrying a dnaAt,
mutation: one strain in which the F-like R factor R.100.1 was established as a
plasmid and two strains in which the dnaA mutation was suppressed by the
integration of R.100.1 into the chromosome. In the R+ strain at 30 C, replication
of the plasmid took place simultaneously with the initiation of chromosome
replication at the normal origin. In the integratively suppressed Hfr strains, at
42.5 C, chromosome replication was initiated preferentially from the integrated
plasmid; little or no initiation occurred at the normal origin. Similar results
were obtained for the one strain tested at 30 C. For both Hfr strains at 42.5 C,
the data suggest that at least part of the population replicated bidirectionally.
This conclusion has been confirmed using an autoradiographic procedure. Both
types of experiment indicate a wide variation in the rate of travel of individual
replication forks within the population.

The dnaA,, mutants ofEscherichia coli seem
to be impaired in the initiation of chromosome
replication at temperatures above 40 C (7, 24).
Under certain conditions, the effect of the dnaA
mutation can be suppressed by the integration
of a plasmid into the host chromosome. This
suppression may be mediated by any one of
several different plasmids, and integration may
occur at any one of many chromosomal sites
(15, 16).
To explain this phenomenon of "integrative

suppression," we proposed a model according to
which the initiation of chromosome replication
takes place at the initiation site of the inte-
grated plasmid, the chromosome thus becoming
part of the plasmid replicon (15). The evidence
for this interpretation was indirect: it was
shown that the suppressed strain still carries
the dnaA mutation, that integration of the
plasmid is essential, and that loss of the inte-
grated plasmid results in a reversion to a tem-
perature-sensitive phenotype. In strains sup-
pressed by the integration of an F factor, it was
shown that chromosome replication is sensitive
to acridine orange at 41 C but not at 30 C; this
implies that at the nonpermissive temperature
replication is under the control of the F factor

I Present address: Laboratory of Molecular Biology, Na-
tional Institute of Arthritis, Metabolism, and Digestive
Diseases, Bethesda, Md. 20014.

(15). Further support for the model has been
the demonstration that, during integrative
suppression by the prophage P2sig, chromo-
some replication is dependent on the A function
of P2 (12). Thus, whereas the available evi-
dence was consistent with our original hypothe-
sis, no direct demonstration of a change in the
origin of replication, during integrative
suppression, had been obtained.
To approach this question in a more direct

fashion, we have followed, by deoxyribonucleic
acid (DNA)-DNA hybridization, the order of
replication of three chromosomal markers, the
integrated plasmid R.100.1 and the prophages
Xind- and Mu::ilv (i.e., Mu-1 integrated into
ilv), during a synchronous round of replication
in two dnaA strains suppressed by the integra-
tion of the F-like R factor R. 100.1. It has previ-
ously been shown that the integration of this
plasmid gives rise to stable Hfr's with transfer
properties similar to those of F-derived Hfr's
(16). We have also examined the replication of
newly initiated chromosomes by the autoradi-
ographic procedure of Prescott and Kuempel
(19).
We conclude that: (i) in synchronized cul-

tures of the parental R+ strain, MUT26 (dnaA,Al
R.100.1), growing at 30 C, the first round of
replication is. initiated simultaneously on both
R.100.1 and the chromosome; (ii) in synchro-
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nized cultures of two Hfr strains growing at
42.5 C, initiation occurs predominantly within
the integrated R factor, (iii) in synchronized
cultures of one Hfr strain, analyzed at 30 C,
replication from the integrated R factor is the
predominant mode; (iv) replication of at least a
fraction of the Hfr chromosomes at 42.5 C pro-
ceeds in a bidirectional manner; (v) the replica-
tion fork velocity for the Hfr's studied differs
from that ofthe parent at both 30 and 42.5 C.

MATERIALS AND METHODS
Bacteria and bacteriophages. The bacterial

strains used in this study are given in Table 1. The
Hfr derivatives of strain MUT26 were isolated
and characterized by previously published tech-
niques (16). The relative chromosome positions of
the integrated plasmid and of the prophages in these
strains is shown in Fig. 1.

Bacteriophages Mu-i and XcI857S7 were from our
collection. Growth of Mu-i has been described (2).
Lambda stocks were prepared by thermal induction
of bacteria lysogenic for XcI857S7.

Strains LC468 (leu thylR.100.1) and LC524 [leu
thy (proB lac)d,/RTF-TC], both derivatives ofE. coli
W1485, were used in the preparation of R.100.1 and
RTF-TC DNA, respectively. The RTF-TC is a plas-
mid derived from R.100.1; it has a molecular weight

TABLE 1. Bacterial strains

Strain Sex Description
CB0129 F- thi leu thy: a derivative ofW1485

(reference 4)
LC148 F- (proB lac )deI in CB0129
LC366 F- ilv derivative of LC148 by ni-

trosoguanidine mutagenesis
(from J. M. Louarn)

LC343 F- LC366 dnaA46: made by co-
transduction with ilv+ from
CRT46

LC468 R+ CB0129 carrying R.100.1
LC524 R+ LC148 carrying RTF-TCb
CRT46 F- thi thr leu thy lac mal (Hirota et

al., 1968 [7])
MUT26 R+ LC343 ilv: Mu-1, Aindr carrying

R.iO.1
LC2602 Hfr Derivative of MUT26 able to

grow at 42 C; transfer 0-proA
proB .... ara R

LC2633 Hfr Derivative of MUT26 able- to
grow at 42 C; transfer O-serA
lys . ... . argG R

a Egawa and Hirota (6). This R factor carries re-
sistance to streptomycin, chloramphenicol, sulpha-
nilamide, and tetracycline.

b A derivative of the R factor, R.100.1, lacking
resistance to streptomycin, chloramphenicol, and
sulphonilamide. Isolated by A. Rifat.

r Mu-i was integrated into ilv by the technique of
Taylor (22).

90/0

Hfr
(LC 2633)

FIG. 1. Genetic map of E. coli K-12 showing the
points of origin and the direction of chromosome
transfer in the two Hfr's used. The map positions
shown are from the standard E. coli genetic map
(23).

80% that of R.100.1, and it lacks all the drug resist-
ance markers except tetracycline resistance but has
retained the transfer properties of R.100.1 (17). The
RTF-TC-carrying strain that we used was isolated
and characterized by A. Rifat and R. Epstein (per-
sonal communication).
Growth media. The strains were grown in glucose

M9 medium (1) supplemented with 10 ,ug ofthymine
per ml and 0.4% Casamino Acids (Difco). Strains
used for preparation of phage and plasmid DNA
were grown in L-broth (11). Medium changes were
made by collecting cells on a Sartorius membrane
filter, washing them with prewarmed M9 medium,
and suspending them in the desired medium at the
required temperature. Cell growth was monitored
by adsorption at 450 nm (A4&,) in an Hitachi spectro-
photometer.

Pulse labeling. Cultures for pulse labeling were
pipetted or poured rapidly into prewarnied tubes
containing radioactive thymidine (New England
Nuclear Corp.) at a final concentration of 0.5 igg/ml
(final specific activity, 20 Ci/mmol). The pulse was
terminated after 2 min by pouring the cultures onto
crushed, frozen medium containing 5 to 10% pyri-
dine. The cells were collected by centrifugation,
washed with 0.02 M tris(hydroxymethyl)amino-
methane, 0.05 M ethylenediaminetetraacetate (pH
8), and stored at -20 C.
DNA extraction. The extraction and purification

of bacteriophage DNA and that of pulse-labeled E.
coli DNA have been described previously (2, 13).
Plasmid DNA from strains LC468 and LC524 was
isolated from stationary-phase cultures grown in U
broth, in the form of covalently closed circles, ac-
cording to Clewell and Helinski (5).

Hybridization procedure. Hybridization was car-
ried out on Sartorius membrane filters (MF50). The
method of preparation and treatment of filters prior
to hybridization was that of Louarn et al. (13), ex-
cept that plasmid DNA was boiled for 10 to 15 min in
0.1 x SSC (SSC = 0.15 M NaCl, 0.015 M sodium
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citrate) before applying to filters. Electron micros-
copy indicated that this procedure was sufficient to
disrupt more than 90% of the covalently linked
circular molecules.
A 0.5-ml volume of the sonicated denatured bacte-

rial DNA, containing 5,000 to 10,000 counts/min, in
2 x SSC and 50% formamide was added to each filter
(8). Samples of the labeled bacterial DNA were hy-
bridized to filters supporting 2 zg of E. coli (from
CB0129), X, Mu-1, R.100.1, or RTF-TC DNA. The
reaction was carried out at 42 C for 5 days. Filters
were washed and counted in a Packard Tri-Carb liq-
uid scintillation counter (13). Under these condi-
tions, hybridization of all the DNA species except for
bulk E. coli DNA reaches saturation well within
this time (data not shown).
The hybridized counts are expressed as a percent-

age of the counts binding to filters supportingE. coli
DNA. This treatment corrects for the differences in
hybridization efficiency from sample to sample. The
values obtained depend, therefore, on the extent of
the E. coli-E. coli hybridization reaction and may
vary from experiment to experiment. The data were
not corrected for the different molecular weights of
the three DNA species used nor for their different
hybridization efficiencies. It is clear, therefore, that
although the shape of the curve for a marker reflects
accurately the course in time of its replication,
quantitative comparisons between markers are not
meaningful. To estimate the degree of nonspecific
binding of bulk E. coli DNA to the various DNA
species bound to the filters, pulse-labeled DNA from
an exponentially growing culture of strain CB0129
(R-, X-, Mu-1-) was hybridized against each of
the DNA species in each experiment. The counts
hybridized were also expressed as a percentage of
the counts binding to the control E. coli DNA and
subtracted from the experimental values.

Pulse labeling of synchronized cultures. Starva-
tion of a bacterial culture for a required amino acid
(14), followed by a period of thymine starvation in
the presence of amino acids (20), results in the syn-
chronous initiation of a round of replication upon
readdition of thymine (13).
To synchronize replication, cells were grown in

M9 glucose medium, supplemented with 10 ug of
thymine per ml and 10 Mg ofCasamino Acids per ml,
to an A4,, of about 0.3; they were starved for amino
acids for 2 h in the presence of thymine and then
starved for thymine in the presence of amino acids
for 1 h (a time sufficient for the culture mass to
double). Replication was reinitiated by the addition
of 10 Mug of thymine per ml. At various times after
this step 2-ml samples of the culture were pulse
labeled with [3H]thymidine. The labeled DNA was
extracted, purified, and hybridized to the series of
test DNAs.
The number of free Mu-i or X phage in the cul-

tures, after release from thymine starvation, was
always less than 1 in 103 bacteria and thus does not
significantly affect the results.

Autoradiography. The method was adapted from
Prescott and Kuempel (19). Cells were grown at 41 C
in M9 glucose medium, supplemented with 20 MAg of
thymine per ml and 10 Mg of Casamino Acids per

ml, to an A4,, of about 0.3. The culture was starved
for amino acids for 2 h in the presence ofthymine (20
,ug/ml). It was then filtered, washed, and suspended
in M9 glucose medium supplemented with 2 Mug of
[3Hlthymine (final specific activity 10 C/mimol) and
Casamino Acids. One-milliliter samples of this cul-
ture were pulse labeled for 2.5 min with 0.1 ml of
[3H]thymine (final specific activity 10 Ci/mmol) and
min after the addition of thymine. The pulse was
terminated by dilution into cold TV-CN buffer [0.01
M tris(hydroxymethyl)aminomethane-hydrochloride,
pH 8.1, 0.01 M ethylenediaminetetraacetate, 0.01 M
NaCl]. Spheroplasts prepared according to Kuempel
(9) were lysed and the DNA was spread on subbed
glass microscope slides (10). The slides were dipped
in melted Kodak NTB3 photographic emulsion and
were exposed for 1 to 2 months at room temperature.
They were developed in Kodak D-11 developer for 2
min at 20 C and fixed with Kodak F5 fixer.

RESULTS
Synchronous replication in a dnaAIR.100.1

strain at 30 C. The strain MUT26 (dnaA/
R.100.1) was synchronized and the pattern of
replication of the three markers, Mu-l::ilv, X,
and R.100.1, was followed at 30 C, a permissive
temperature for the dnaAts mutation (Fig. 2). It
can be seen that, as in the parental strain
previously analyzed in this laboratory (13), rep-
lication of ilv occurs immediately after the
readdition of thymine. The replication of the
R.100.1 plasmid begins simultaneously with
that of the chromosome and continues for more
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FIG. 2. Replication pattern of MUT26 after syn-
chronization at 30 C. The data were calculated as
described in Materials and Methods. Replication was
initiated at 0 min by the addition of10 pg ofthymine
per ml.
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than 8 min. This is followed, 25 to 40 min later,
by replication of the A prophage. The peak of A
replication occurs at approximately 35 min,
slightly later than in the parental strain at
37 C, a finding which is consistent with the
effect of temperature on the replication velocity
(18; Silver and Chandler, unpublished data).
Synchronous replication in integratively

suppressed Hfr's. Similar experiments were
conducted at the nonpermissive temperature of
42.5 C ("nonpermissive" refers to the dnaAts
allele and not to the strain itself) on strains
LC2633 and LC2602 (Fig. 3 and 4, respectively).

Replication of the integrated R factor in both
these strains occurs immediately after readdi-
tion of thymine to the growth medium. The
kinetics of this replication are very similar to
those observed in the R+ parental strain at 30 C
(Fig. 2). The most striking feature ofthe results
shown in Fig. 3 and 4, however, is the absence
of the characteristic early wave of replication
from the nornal chromosome origin and
through the prophage Mu-l::ilv, which was
found in the parental strains MUT26 (Fig. 2)
and CB0129 (13). In the case of LC2633 (Fig. 3),
no significant replication of the X prophage is
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FIG. 4. Replication pattern of LC2602 after syn-
chronization at 42.5 C. See legend to Fig. 2.

ved dunng the b6-mln pen-od covered Dy conditions, replication of the Mu-i prophage in
xperiment, while replication of the Mu- LC2602 occurs slightly earlier than in LC2633
prophage, situated close to the chromo- and, in addition, a small peak of A replication is
origin, begins at about 20 to 30 min and seen (Fig. 4). The replication of A occurs much
tues until at least 60 min. Under the same earlier in LC2602 than in an R- strain at 37 C

(13) or than in MUT26 at 30 C. The results
shown in Fig. 4 also indicate that replication
from R may proceed in both directions around
the chromosome since R.100.1 is integrated at
about 9.5 min on the E. coli genetic map (see
Fig. 1) and both Mu-i and A appear to be repli-
cated soon after the replication of R.
A pattern of replication similar to that ob-

tained at 42.5 C is observed at 30 C for LC2633
(Fig. 5). Again, as for the culture grown at
42.5 C, LC2633 exhibits no replication of the A
prophage within the time limits of the experi-
ment and a very broad timing in Mu-i replica-
tion. The behavior of LC2602 at 30 C has not
been investigated.

H "o0//~a MU These experiments have been repeated sev-
\ 8 wo o R eral times with similar results. Comparable

I S/ results have also been obtained with a third
L R.100.1 suppressed strain (unpublished data).
io-oa/ Control experiments. In each of the experi-

-Z,^>~°̂ ments concerning Hfr strains, 20 to 50 isolated
s-?' ^ AAcolonies were tested for their ability to transfer

A I 5 chromosomal markers.tn each case, all were
0 10 20 30 40 50 60 Hfr with the correct transfer properties. In no

TI ME (min.) case did we find transfer of resistance to chlor-
3. Replication pattern of LC2633 after syn- amphenicol or streptomycin; this shows that

Lzation at 42.5 C. See legend to Fig. 2. R.100.I had not reverted to the plasmid state.
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Chromosomes that replicate in a bidirec-
tional manner and have initiated replication in
the presence of the low-specific-activity thy-
mine show a low-grain density track (rep-
resenting DNA synthesized during this first
period), flanked by two regions of high-grain
density (representing DNA synthesized during
growth in the high-specific-activity thymidine).
Unidirectionally replicating molecules would
be expected to have a region of low-grain
density with only one region of high-grain
density, a pattern which would also be expected
for bidirectionally replicating molecules which
had been sheared during treatment.

_.O_-°--0 --43 MU Among the grain tracks found during this
/ M experiment, we observed patterns characteris-

R tic of both bidirectionally and unidirectionally
-- A A replicating molecules. Two examples ofbidirec-

tionally replicating molecules are shown in Fig.
0 20 30 40 50 60 70 6. However, it was not possible to obtain an

TIME (min) estimate of the relative frequency of these
5. Replication pattern of LC2633 after syn- forms since the amino acid starvation regime
ation at 30 C. See legend to Fig. 2. did not result in the complete cessation of DNA

synthesis before growth in radioactive medium
(see Discussion). Although we can conclude

a further control, we have analyzed that replication is bidirectional for at least a
I lysates of selected cultures, by centrifu- fraction of the population, we cannot determine
in ethidium bromide-cesium chloride whether it can occur in a unidirectional mode

nts (5), for the presence of closed circular as well.
iles exhibiting the same size in the elec- An analysis of the lengths of the heavily
iicroscope as R.100.1 (33 ,um under the labeled extremities of bidirectionally replicat-
ions used in this laboratory) or the RTF- ing molecules is shown in Fig. 7. -This figure
mponent (26 ,um). We were unable to represents the results of two experiments in
such molecules in the electron micro- which growth in low-specific-activity thymine
We did, however, observe a peak in the was allowed to continue for 15 or for 20 min
nts corresponding to closed circular DNA and was followed by a pulse of high-specific-
!633. When fractions from this peak were activity thymidine for 2.5 min. The results are
ted by electron microscopy, a small closed presented as a plot of the shortest labeled ex-
Lr plasmid was observed. Measured tremity ofa molecule versus its longest extrem-
;t X DNA (17.3 ,um, reference 3) as a ity. It can be seen that in general the molecules
crd, it had a contour length of 8.2 ,um. are symmetric with regard to these extremities.
ze of this molecule suggested that it could This indicates that, in a given molecule, both
ent the r-determinant of R-100.1 (8.3 + replication forks proceed at a comparable
n, reference 17). Further analysis has speed. The data also imply considerable spread
ned this notion (in preparation). Identi- in fork velocity between chromosomes.
;ults were obtained in our hybridization In all of the molecules analyzed which
ments whether DNA from R. 100.1 or showed a bidirectional replication pattern (44
RTF-TC, which contains few, if any, r- molecules), the total length of the labeled re-
iinant sequences, was used on the filter; gion (i.e., low-density and high-density grain
he presence of the plasmid did not affect tracks) was greater than 33 um, the length of
sults, and we are confident that the R the autonomous R factor; in 11 cases the length
ition observed represents replication was greater than 100 ,um. If these grain pat-
he integrated plasmid. terns represent initiations of replication within
oradiography. Cultures of LC2633 were the R factor, this result indicates that replica-
d to initiate replication, after a period of tion continues well into the chromosome in
acid starvation, in the presence of low- both directions. To estimate errors due to

ic-activity L3H]thymine, were pulse la- stretching of the DNA molecules, labeled DNA
later with high-specific-activity [L'H]thy- from bacteriophage A was used. The length of X
e, and autoradiographed. DNA measured by electron microscopy is ap-
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FIG. 6. Autoradiographs of two newly initiated DNA molecules. The two molecules shown in this figure
are taken from an experiment in which initiation of chromosome replication in LC2633 was allowed to
continue for 20 min in the presence of low-specific-activity thymine before a 2.5-min pulse of high-specific-
activity thymidine.

proximately 17.3 j,m (3). The bacteriophage
DNA was mixed with unlabeled spheroplasts
and autoradiographed in exactly the same
manner as was the labeled bacterial DNA.
Measurement of the length of the resulting
grain patterns yielded a value of 14.2 jum with a
standard deviation of 33%.

DISCUSSION
In the two integratively suppressed strains

which we have studied, the synchronization
procedure carried out at the nonpermissive

temperature of 42.5 C results in the initiation
of a round of replication from the integrated R
factor in the majority of the chromosomes. In
contrast to the parental dnaA/R+ strain
(MUT26), at 30 C, there is little, if any, initia-
tion of chromosome replication at the normal
chromosome origin as defined by MU::ilv.
One difficulty which we have experienced in

the interpretation of these results stems from
the ability of the two Hfr strains to synthesize
DNA during the amino acid starvation. We
have found that, in contrast to both the paren-

J. BACTERIOL.
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30 C (a permissive temperature for the dnaAt,
mutation), synchronization results in initiation

o . at the R site rather than at the normal origin.
./ From the results obtained with MUT26 at 30 C

*O / (Fig. 2), the absence of any observable replica-
tion from the normal origin is surprising. It
suggests that in this strain, even at 30 C, the

o o o* integrated R factor in some fashion prevents
. . .> replication from the normal origin.

e 0o./ The initiation of a round of replication from
)*. the R100.1 origin at 30 C, as well as at 42 C,

dure. Data (in preparation) on gene frequency
*/6 at both temperatures in exponential cultures

indicate, however, that the normal replication
origin can be used at 30 C but is used much less
frequently, if at all. 42 C.

, , , In both LC2602 and LC2633, MU::ilv is lo-
0 10 20 30 40 50 cated in a similar position relative to R and to

SHORT EST ARM (microns) the direction of chromosome transfer. The data
7. Relative lengths of the heavily labeled ex- obtained for LC2602 and, in particular, the

ties of newly initiated chromosomes. In this early wave of X replication show that, at least
, the length of the longest heavily labeled ex- in a fraction of the cells, replication occurs in
ty, obtained from the photographs such as those the opposite direction as well. This was con-
i in Fig. 6, is plotted against the length of the firmed by autoradiography. Similar conclu-
extremity. The curve expected for an equal rate sions have been reached by J. Louarn and J.-M.
vel of both replication forks is also shown. The Louarn using related strains but different
and closed circles represent measurements on
wsomes which had been allowed to continue ethods (in preparation).
ation in low-specific-activity thymine for20 and The peaks ofMu-1 replication in LC2633 and
n, respectively, of X and Mu-i in LC2602 (Fig. 3 and 4) are

extremely broad. This suggests that the rate of
train (MUT26) at 30 C and to a related travel of individual replication forks in this
1+ strain growing at 42.5 C, both LC2633 system is quite varied, much more so than in a
LC2602 continue linear DNA synthesis for related wild-type strain at 37 C (13). The re-
t 6 or 7 h and synthesize up to 180% of the sults obtained by analysis of autoradiographs
i present at the time of removal of amino (Fig. 7) also support this idea. This wide varia-
;. Autoradiograph experiments and hybrid- tion in replication fork velocity is not seen in
an experiments (data not shown) revealed the parental R+ strain (MUT26). The fork veloc-
following the period of amino acid starva- ity in MUT26 as measured by the time between
used in the synchronization procedure, a Mu-l::ilv and X replication, appears to be close
fraction of the population was still repli- to that expected for wild-type strains growing

.g its DNA but that this replication was at 30 C (18; Silver and Chandler, unpublished
om; i.e., the prophages Mu-1 and x and the data). Because of this heterogeneity in the Hfr
rrated plasmid were being replicated to a strains, it is difficult to determine the average
lar extent. Thus this continued replication fork velocity. The maximum fork velocity, how-
contribute to the background during a ever, can be estimated from the time when

hronous round of replication since there label specific for a marker begins to rise above
!replication forks remaining on the chro- the background level. Thus, in LC2633 (Fig. 3),
)me after the synchrony procedure. Upon the wave of replication initiated at R reached
dition of thymine to the growth medium, Mu-1, 15 map units away, between 20 and 25
> replication forks continue to synthesize min after initiation. In a related wild-type
i (see for example the initial levels of X strain at 37 C, a temperature at which fork
cation in LC2602, Fig. 4). However, since velocity is normally slower than at 42.5 C, the
are distributed over the entire length of equivalent distance between the normal origin
hromosome, they provide a general back- and thr (about 15 map units) was covered in 10
nd of random replication and do not ob- to 12 min (13). Thus fork velocity in LC2633 is
the major peaks of synchronized replica- at least half that found in similar experiments

in the parental strains. The maximum fork
Le data obtained for LC2633 show that, at velocity observed for LC2602 (Fig. 4) appears,
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on the other hand, to be much closer to the
wild-type situation.
These differences in replication fork proper-

ties between the parental strains and the inte-
gratively suppressed Hfts could reflect differ-
ences in the replication fork itself during inte-
grative suppression, or differences in the physi-
ology of the cell, e.g., permeability, nucleotide
pools, etc.

In summary, the data shown here demon-
strate that, in dnaA strains integratively sup-
pressed by an R factor, R.100.1, and synchro-
nized by amino acids and thymine starvation,
the first round of replication occurring after the
restoration of thymine, at 42.5 C, is initiated at
the site of integration of the R factor rather
than at the normal origin. Replication from R,
rather than from the normal chromosome ori-
gin, was also observed in one of the Hf's syn-
chronized at 30 C. Such changes in origin have
no lethal effect on the cells that can grow at
42.5 C or at 30 C. They have also been observed
in a dnaA + F-Hfr under similar conditions
(M. Chandler, L. Silver, Y. Roth, and L. Caro,
J. Mol. Biol., in press).
The pattern of chromosome replication in in-

tegratively suppressed strains during exponen-
tial growth at 30 and 42 C will be considered in
a subsequent communication.
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ADDENDUM
We recently measured the Mu/A ratio in prepara-

tions of DNA from a culture of MUT26 that had
been starved for amino acids at 30 C for 3 h.
Contrary to our expectations, this ratio, when
compared with that obtained from DNA of strain
MX213, which had been treated in an identical
manner (and whose Mu/A ratio is defined as unity;
M. Chandler et al., J. Mol. Biol. 94:127-132, 1975),
yielded a value of 1.97. Since MUT26 synthewizes
the expected amount of DNA during amino acid
starvation and in all other respects behaves in a
manner identical to that of MX213 during this
procedure, the result indicates the presence of two
copies of the Mu prophage in MUT26 and, there-
fore, in strains LC2602 and LC2633. When MUT26
is transduced to ilv+, 90% of the ilv+ transductants
become sensitive to Mu-1, demonstrating that both
copies of the prophage are located very close to-
gether in the ilv region.

This finding in no way affects the interpreta-

tion we have placed on our results since, in the
treatment of the data, no correction was made for
the differences in molecular weights or the hy-
bridization efficiencies of the various DNA species.

LITERATURE CITED
1. Adams, M. H. 1959. Bacteriophages, p. 446. Inter-

science Publishers, Inc., New York.
2. Bird, R. E., J. Louarn, J. Martuscelli, and L. Caro.

1972. Origin and sequence of chromosome replication
in Escherichia coli. J. Mol. Biol. 70:549-566.

3. Caro, L. 1965. The molecular weight of lambda DNA.
Virology 25:226-236.

4. Caro, L., and C. M. Berg. 1968. Chromosome replica-
tion in some strains of Escherichia coli K12. Cold
Spring Harbor Symp. Quant. Biol. 33:559-573.

5. CIewell, D. B., and D. R. Helinski. 1969. Supercoiled
circular DNA-protein complex in Escherichia coli:
purification and induced conversion to an open circu-
lar DNA form. Proc. Natl. Acad. Sci. U.S.A. 62:1159-
1166.

6. Egawa, R., and Y. Hirota. 1962. Inhibition of fertility
by multiple drug-resistance (R) factor in Escherichia
coli K12. Jpn. J. Genet. 37:66-69.

7. Hirota, Y., A. Ryter, and F. Jacob. 1968. Thermosensi-
tive mutants of E. coli affected in the processes of
DNA synthesis and cell division. Cold Spring Harbor
Symp. Quant. Biol. 33:677-693.

8. Kourilsky, P., J. Leidner, and C. Y. Tremblay. 1971.
DNA-DNA hybridization on filters at low tempera-
ture in the presence of formamide or urea. Biochimie
53:1111-1114.

9. Kuempel, P. 1972. Deoxyribonucleic acid-deoxyribonu-
cleic acid hybridization assay for the replication ori-
gin deoxyribonucleic acid ofKscherichia coli. J. Bac-
teriol. 110:917-925.

10. Lark, K. G., R. Consigli, and A. Toliver. 1971. DNA
replication in Chinese hamster cells: evidence for a
single replication fork per replicon. J. Mol. Biol.
58:873-875.

11. Lennox, E. S. 1955. Transduction of linked genetic
characters of host by bacteriophage P1. Virology
1:190-206.

12. Lindhal, G., Y. Hirota, and F. Jacob. 1971. On the
process of cellular division in Escherichia coli: repli-
cation of the bacterial chromosome under control of
prophage P2. Proc. Natl. Acad. Sci. U.S.A. 68:2407-
2411.

13. Louarn, J., M. Funderburgh, and R. E. Bird. 1974. A
more precise mapping of the replication origin in
Escherichia coli K-12. J. Bacteriol. 120:1-5.

14. Maaloe, O., and P. Hanawalt. 1961. Thymine defi-
ciency and the normal DNA replication cycle. I. J.
Mol. Biol. 3:144-155.

15. Nishimura, Y., L. Caro, C. M. Berg, and Y. Hirota.
1971. Chromosome replication inEscherichia coli. IV.
Control of chromosome replication and cell division
by an integrated episome. J. Mol. Biol. 55:441-456.

16. Nishimura, A., Y. Nishimura, and L. Caro. 1973. Isola-
tion of Hfr strains from R+ and ColV2+ strains of
Escherichia coli and derivation of an R'lac factor by
transduction. J. Bacteriol. 116:1107-1112.

17. Perlman, D., T. M. Twose, M. J. Holland, and R. H.
Rownd. 1975. Denaturation mapping ofR factor deox-
yribonudeic acid. J. Bacteriol. 123:1035-1042.

18. Pierucci, 0. 1972. Chromosome replication and cell di-
vision in Escherichia coli at various temperatures of
growth. J. Bacteriol. 109t848-854.

19. Prescott, D. M., and P. L. Kuempel. 1972. Bidirectional
replication of the chromosome in Escherichia coli.
Proc. Natl. Acad. Sci. U.S.A. 69-.2842-2845.

20. Pritchard, R. H., and K. G. Lark. 1964. Induction of

J. BACTERIOL.



VOL. 126, 1976 SUPI

replication by thymine starvation at the chromosome
origin inE. coli. J. Mol. Biol. 9:288-307.

21. Rownd, R. H., D. Perlman, and N. Gotto. 1975. Struc-
ture and replication of R-factor deoxyribonucleic acid
in Proteus mirabilis, p. 76-94. In D. Schlessinger
(ed.), Microbiology- 1974. American Society for Mi-
crobiology, Washington, D.C.

22. Taylor, A. L. 1963. Bacteriophage induced mutation in

PRESSION OF E. COLI dnaA MUTATION 1223

Escherichia coli. Proc. Natl. Acad. Sci. U.S.A.
50:1043-1051.

23. Taylor, A. L., and C. D. Trotter. 1972. Linkage map of
Escherichia coli strain K-12. Bacteriol. Rev. 36:504-
524.

24. Wechler, J., and J. Gross. 1971. Escherichia coli mu-
tants temperature sensitive for DNA synthesis. Mol.
Gen. Genet. 113:273-284.


