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Caulobacter crescentus exhibits cell-type-specific control of chromosome replication and DNA methylation.
Asymmetric cell division yields a replicating stalked cell and a nonreplicating swarmer cell. The motile swarm-
er cell must differentiate into a sessile stalked cell in order to replicate and execute asymmetric cell division.
This program of cell division implies that chromosome replication initiates in the stalked cell only once per cell
cycle. DNA methylation is restricted to the predivisional cell stage, and since DNA synthesis produces an un-
methylated nascent strand, late DNA methylation also implies that DNA near the replication origin remains
hemimethylated longer than DNA located further away. In this report, both assumptions are tested with an en-
gineered Tn5-based transposon, Tn5V-MP. This allows a sensitive Southern blot assay that measures fully
methylated, hemimethylated, and unmethylated DNA duplexes. Tn5V-MP was placed at 11 sites around the
chromosome and it was clearly demonstrated that Tn5V-MP DNA near the replication origin remained hemi-
methylated longer than DNA located further away. One Tn5V-MP placed near the replication origin revealed
small but detectable amounts of unmethylated duplex DNA in replicating stalked cells. Extra DNA synthesis
produces a second unmethylated nascent strand. Therefore, measurement of unmethylated DNA is a critical
test of the “once and only once per cell cycle” rule of chromosome replication in C. crescentus. Fewer than 1 in
1,000 stalked cells prematurely initiate a second round of chromosome replication. The implications for very
precise negative control of chromosome replication are discussed with respect to the bacterial cell cycle.

Coordination between chromosome replication and the cell
division cycle is an outstanding problem in cell biology. In
Escherichia coli, chromosome replication is controlled by both
positive and negative factors. RNA polymerase and the DnaA
protein are positive factors that act at the earliest stages of
chromosome replication (31). Both RNA polymerase tran-
scription and DnaA protein binding prepare the chromosome
replication origin for the replication system (2, 43). The Dam
(GATC) DNA adenine methylase and the SeqA protein are
negative factors that block extra chromosome replication (3,
22, 50). Dam methylation of parental DNA strands allows the
SeqA protein to distinguish between parental DNA duplexes
(unreplicated fully methylated DNA) and nascent-strand and
parental-strand DNA duplexes (newly replicated hemimeth-
ylated DNA). The SeqA protein sequesters hemimethylated
DNA, rendering it inaccessible to replication proteins until a
later stage in the cell cycle (22, 50). Studies of these processes
and many others have provided our best insights into bacterial
chromosome replication and the bacterial cell cycle. However,
it is still not well understood how chromosome replication is
coordinated with the cell division cycle (31).

It is also not known whether model systems identified in
E. coli are generally applicable to other bacteria, since it is now
recognized that bacteria form a very diverse group of organ-
isms (52). The genes for RNA polymerase (17) and DnaA (44)
are highly conserved among eubacteria, but not archaebacteria
and eukaryotes. This implies that eubacteria share similar pos-
itive factors, and presumably similar mechanisms, for initiating

chromosome replication. However, this inference has not been
critically tested, except for Bacillus subtilis, where it is clear that
DnaA also acts to initiate chromosome replication (33). The
Dam (GATC) DNA adenine methylase, though clearly essen-
tial to coordinate cell cycle chromosome replication in E. coli
(3, 22, 50), is absent in most bacteria (4). These considerations
argue that bacteria may have diverse negative factors to control
chromosome replication.

Caulobacter crescentus presents an evolutionarily divergent,
yet experimentally amenable, system for comparative cell cycle
studies (6, 25, 27). C. crescentus exhibits cell-type-specific con-
trol of chromosome replication and DNA methylation (Fig. 1).
Chromosome replication is restricted to the stalked-cell type
(10, 23, 26), and DNA methylation is restricted to the predi-
visional cell (55). Asymmetric cell division yields a replicating
stalked cell and a nonreplicating swarmer cell. These progeny
cells have distinct morphologies and behaviors (6). The prog-
eny stalked cell receives a replicating chromosome and directly
proceeds to execute asymmetric cell division. On the other
hand, the progeny swarmer cell receives a nonreplicating chro-
mosome, and it must differentiate into a sessile stalked cell in
order to replicate and execute asymmetric cell division (6, 25).

The molecular basis of the C. crescentus cell cycle is being
analyzed. Studies suggest that the C. crescentus replication
origin (Cori), like that of E. coli, employs both RNA polymer-
ase and the DnaA protein as positive replication factors (24,
26). Cori also employs at least one novel negative factor, the
CtrA (cell cycle transcription regulator) protein (38), which
segregates to swarmer cells (12) and blocks chromosome rep-
lication (39). CtrA regulates many cell cycle processes, includ-
ing flagellar synthesis (38), stalk synthesis (38), cell division
(21, 38), and DNA methylation (38) (discussed below). CtrA is
homologous to E. coli OmpR protein (38) and therefore be-
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longs to a ubiquitous class of proteins known as two-compo-
nent response regulators (35, 49). These proteins dominate
bacterial adaptation and control systems (18). However, C. cres-
centus presents the first example where a response regulator
protein controls DNA synthesis (39). This result certainly ar-
gues for the value of comparative cell cycle studies among
diverse bacteria.

E. coli DNA adenine methylase, (GATC) Dam, and E. coli
DNA replication studies, motivated a search for a comparable
C. crescentus adenine methylase (GANTC) CcrM (55). How-
ever, CcrM is unrelated to Dam and shows the greatest ho-
mology to the cognate HinfI methylase (55). Experiments em-
ploying GANTC sites that overlap restriction endonuclease
sites, illustrated in Fig. 1B, demonstrate conditional endonu-
clease digestion and imply cell cycle DNA methylation. The
hemimethylated state is persistent, because GANTC (CcrM)
methylation is restricted to the predivisional cell (55). CcrM
protein accumulates only at this late stage of the cell cycle (47),
by a combination of late cell cycle RNA synthesis (55) and
selective protein degradation by a homologue of the E. coli
Lon protease (53). Interestingly, the CtrA protein that re-
presses chromosome replication also activates ccrM transcrip-
tion (38).

This paper tests two key cell cycle parameters with experi-
ments that systematically measure chromosome methylation by
the GANTC (CcrM) methylase. The data shown in Fig. 1 imply

that chromosome replication initiates in the stalked cell only
once per cell cycle and that DNA near the replication origin
remains hemimethylated longer than distant DNA. While these
are reasonable inferences, neither has been critically tested
and quantified. The results presented below demonstrate that
C. crescentus produces two chromosomes bearing asymmetric
hemimethylation along most of their circumferences. The
period of DNA hemimethylation always decreases with the
distance from the replication origin. These experiments also
demonstrate that C. crescentus produces at most 0.1% unmeth-
ylated DNA near the replication origin. This parameter sug-
gests a very precise mechanism(s) for ensuring that only two
chromosomes are produced every cell cycle.

MATERIALS AND METHODS

Strains and genetic manipulations. Original bacterial strains are listed in
Table 1, and those C. crescentus strains used for methylation state experiments
(see Fig. 4 to 7) are listed in Table 2. E. coli DH10B was used for plasmid
construction, and E. coli S17-1 containing pGM1138 (Fig. 2) was use for conju-
gation with C. crescentus (13). The donor and the recipient were mixed and
incubated at 30°C on PYE plates (19) and then spread on selective PYE plates.
E. coli was counterselected by 20 mg of nalidixic acid/ml, and pGM1138 and/or
its transposon Tn5V-MP (Fig. 2) was selected with 100 mg of spectinomycin/ml

FIG. 1. Chromosome replication and DNA methylation during the C. cres-
centus cell cycle. (A) Differentiation and the cell cycle are integrated. Cell
division is asymmetric, forming distinct swarmer cell (Sw) and stalked-cell (St)
progeny. The swarmer cell swims with its polar flagellum and delays chromosome
replication until it differentiates into a stalked cell. This involves extensive cel-
lular remodeling, such as flagellum ejection and stalk (cell wall) synthesis (6).
Also, the nucleoid appears to be more compact in the swarmer cell (16), and this
is suggested by the figure eight chromosome drawing versus the oval in the
stalked cell. Bidirectional chromosome replication (rep) takes place only in the
stalked-cell type along with a program of asymmetric cell division. A new polar
flagellum is made, and two distinct chromosomes are formed and placed into the
correct compartments. The expression of the CcrM enzyme that methylates the
A of GANTC is restricted to a narrow period before cell division (55). (B) Cell
cycle methylation assayed by conditional digestion with ClaI. GANTC methyl-
ation (p) is present on both strands in swarmers. Replication creates asymmetric
(top versus bottom) strand methylation in stalked cells. All strands become
methylated by CcrM before cell division. Note that only methylation on the
bottom strand blocks ClaI digestion, because only this methylated A overlaps the
ClaI recognition site (shown underlined).

TABLE 1. Bacterial strains and plasmids used in this study

Strain or
plasmid Description or genotype Source or

reference

E. coli
DH10B F2 mcrA D(mrr-hsdRMS-mcrBC)

f80dlacZDM15 DlacX74 endA1
recA1 deoR D(ara, leu)7697 araD139
galU galK nupG rpsL

Gibco BRL

S17-1 RP4-2 (Tc::Mu) (Km::Tn7); conjuga-
tion strain

42

C. crescentus
NA1000 Wild-type, synchronizable form of

CB15
16

PC7070 CB15 recA-526::(linked)Tn5 (Km Sr) A. Newton
SC1090 CB15 purA::Tn5 (Km Sr) 5
SC1107 CB15 bla::Tn5 (Km Sr) 5
SC1140 CB15 lac101::Tn5 (Km Sr) str-152 B. Ely
SC1293 CB15 trpE::Tn5 (Km Sr) 5
SC1321 CB15 metF::Tn5 (Km Sr), Ts-140/pVS1 5
SC1490 CB15 leuA::Tn5 (Km Sr) 5
YBC2 NA1000 rpoN::Tn5 (Km Sr) 7
GM53 NA1000 3 fCr30(SC1107) This study
GM55 NA1000 3 fCr30(PC7070)

recA1::Tn5
This study

GM69 NA1000 3 fCr30(SC1090) This study
GM84 NA1000 3 fCr30(SC1490) This study
GM85 NA1000 3 fCr30(SC1293) This study
GM214 NA1000 3 fCr30(SC1321) This study
GM268 NA1000 flaE184::Tn5 (Km Sr) R. Bryan
GM269 NA1000 cysD::Tn5 (Km Sr) R. Bryan
GM340 NA1000 3 fCr30(SC1140) This study

Plasmids
pIC20R Ap; cloning vector 29
pGM104 pIC20R BamHI 760 bp RK2 oriT M. R. K. Alley
pGM1104 pIC20R PstI sacB M. R. K. Alley
pBluescript II Ap; SK(1) or KS(1) cloning sites 1
pGM948 pBluescript II SK; XbaI-to-SalI

C. crescentus dnaA
56

pBR7-5 pBR322 BamHI C. crescentus pbpA P. J. Kang
pSUP5011 pBR325 (Ap Cm)::Tn5 (Km oriT) 2
pHP45V Ap; V fragment (Sp Sr) 37
pGM618 pBluescript II KS; BamHI Cori 26
pGM1091 pBluescript II KS; Cori MP-L and -R This study
pGM1107 pSUP5011; Tn5V-MP (Ap Cm Sp Sr) This study
pGM1115 pGM1107; Tn5V-MP (Ap Sp Sr) oriT This study
pGM1138 pGM1115; Tn5V-MP (Ap Sp Sr) sacB This study
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and 2.5 mg of streptomycin/ml. Integrated pGM1138 was counterselected on 3%
sucrose PYE plates. All Tn5 insertions were transduced by fCr30 (15) into the
NA1000 synchronizable genetic background (16) before the directed Tn5 re-
placements were performed (Fig. 2), as described under Results.

Plasmid construction. pGM1138 was derived from pSUP5011 (42) by the
following steps. The methylation probe (MP) oligonucleotides listed in Table 3
were annealed and sequentially ligated into the HindIII and NruI sites (MP-L)
and the XhoI and BamHI sites (MP-R) of pGM618. (The Cori DNA in pGM618
served as a convenient scaffold). The resulting plasmid, pGM1091, was cut with
XhoI and blunt ended with Klenow polymerase, and the Cori DNA was replaced
by the BamHI V fragment from pHP45V, likewise blunt ended by Klenow
polymerase. The flanking sequences (shown in Fig. 2) were checked by double-
stranded DNA sequencing with V primers 2 and 3 (Table 3). This new V-MP
fragment with flanking MP sequences was removed by its flanking BamHI sites
(designed into the MP oligonucleotides [Table 3]) and ligated between the BglII
sites of Tn5 on pSUP5011 to form pGM1107. Subsequently, the RK2 oriT was
added from the EcoRI fragment on pGM104, forming pGM1115, and the sacB
gene was added as a BglII-to-BamHI fragment from pGM1104 into the unique
BglII site of pGM1115, forming the final construct, pGM1138 (Fig. 2A).

Growth and synchrony. All C. crescentus strains were grown in liquid PYE
medium (19) at 30°C without selection. Synchronized cultures were obtained by
growing asynchronous 500-ml PYE cultures to an optical density at 660 nm
(OD660) of 0.6 to 1.0 and applying the Ludox (Dupont) density gradient tech-
nique to isolate pure swarmer cells (16). These were released into fresh PYE
medium at an OD660 of 0.3 to 0.6 and incubated with vigorous shaking at
30°C. At subsequent times, covering the entire 90-min cell division cycle from
swarmer to stalked cell to asymmetric cell (Fig. 1), 2- to 5-ml samples were with-
drawn, adjusted to 0.1% sodium azide, and chilled on ice. For DNA prepara-
tions, these cells were concentrated, resuspended in 0.1 ml of 10 mM Tris, pH
7.5, adjusted to 50 mM NaEDTA, frozen by dry ice and ethanol, and stored at
220°C.

DNA analysis. C. crescentus total chromosome DNA was usually prepared by
standard phenol and chloroform extraction. The frozen cells described above
were thawed at 37°C and mixed with 0.4 ml of a solution of 10 mM Tris (pH 7.5),
40 mM NaEDTA, 0.1% Triton X-100, and 2 mg of lysozyme/ml. After 1 to 2 h
at 37°C, 0.2 mg of proteinase K (Gibco BRL)/ml was added and the mixture was
incubated at 55°C for 12 to 16 h. This was adjusted to 0.2 M ammonium acetate
and extracted three times with phenol-chloroform-isoamyl alcohol (25:24:1) and
once by pure chloroform before precipitation with isopropanol. The pellets were
resuspended in 50 ml of a solution of 10 mM Tris (pH 7.5), 1 mM NaEDTA, and
10 mg of RNase A/ml. C. crescentus total chromosome DNA was also prepared
by embedding the cells in agarose. These cells were not frozen but were mixed
directly with an equal volume of 1% agarose at 42°C, pipetted into 0.2-ml molds,
and otherwise processed as for analysis by pulsed-field gel electrophoresis
(PFGE) (14). DNA samples were digested with restriction endonucleases under
the conditions specified by the supplier (Gibco BRL or BioLabs). The agarose-
embedded DNA, approximately 40-ml samples, was first rinsed with sterile water
and then equilibrated with endonuclease buffer and digested with at least a
10-fold excess of enzyme. PFGE of C. crescentus DNA has been described
previously (14). Tn5V-MP has both DraI and AseI sites that allow its placement
on the PFGE map by selective genomic band cleavage (14). Southern blot
analysis employed Hybond1 membranes (Amersham), UV light cross-linkage
(Stratalinker; Stratagene), and the hybridization and wash conditions employed
for genomic footprinting (8). 32P DNA probes were labeled with [a-32P]dCTP
(Amersham) (6,000 Ci/mmol) with the T7 Quickprime kit (Pharmacia).

RESULTS

Strategy for measuring chromosome methylation. A special
Tn5-based transposon, Tn5V-MP, was created to probe DNA
methylation at random or preselected sites on the chromo-

some. The methylation state is assayed by restriction endonu-
clease digestion that is conditionally blocked by overlapping
GANTC methylation (as described above [Fig. 1B]). Such sites
are rare on C. crescentus DNA. Tn5V-MP solves this problem
by providing two sets of GANTC overlapping ClaI and XhoI
sites (Fig. 2A), termed MPs. These sequences are further
described and applied in the chromosome methylation exper-
iments presented below.

Plasmid pGM1138 delivers Tn5V-MP to the C. crescentus
chromosome by the system outlined in Fig. 2. Tn5V-MP is se-
lected in C. crescentus by the spectinomycin and streptomycin

TABLE 2. C. crescentus strains derived from pGM1138

No. Strain Method
(precursor strain) Genetic locus Distance (kb)

from Cori

1 GM1251 Directed (GM69) purA::Tn5V-MP 120
2 GM1252 Directed (GM84) leuA::Tn5V-MP 160
3 GM1259 Directed (YBC2) rpoN::Tn5V-MP 230
4 GM1253 Directed (GM214) metF::Tn5V-MP 540
5 GM1254 Directed (GM55) recA::Tn5V-MP 1,130
6 GM1255 Directed (GM268) flaE::Tn5V-MP 1,550
7 GM1256 Directed (GM269) cysD::Tn5V-MP 1,580
8 GM1249 Directed (GM53) bla::Tn5V-MP 1,700
9 GM1257 Directed (GM340) lac::Tn5V-MP 1,750
10 GM1258 Directed (GM85) trpE::Tn5V-MP 1,950
11 GM1261 Random (NA1000) zzz::Tn5V-MP 50

FIG. 2. Random or directed chromosome placement of conditional methyl-
ation-sensitive cleavage sites on Tn5V-MP. (A) Strategy employing plasmid
pGM1138 to deliver Tn5V-MP either by homologous recombination, e.g., with
wild-type Tn5 (as shown), across the homologous IS50 elements (open arrows)
or by standard random transposition. The solid arrow indicates the V antibiotic
resistance fragment that provides selection for either random or directed place-
ments. Genes for spectinomycin (Sp), streptomycin (Sr), kanamycin (Km), and
ampicillin (Ap) resistance are shown. Additional genetic elements include sacB
for counterselection (40), the pBR325 replication origin (ColE1) for propagation
in E. coli, and the RK2 origin of transfer (oriT) for conjugation (42). Restriction
sites for ClaI (Cl), XhoI (X), PstI (P), and BglII (Bg) are indicated. The asterisks
denote sites conditionally blocked by GANTC methylation inside the oligonu-
cleotide sequences, termed MP sequences, shown below the diagram. (B) Chro-
mosome positions of conditional methylation-sensitive cleavage sites, both nat-
ural and those delivered by plasmid pGM1138. This map is based on the genetic
map of C. crescentus compiled by B. Ely (12a). The positions of the transposons
are based on physical (PFGE) criteria (14). The open circles denote the natural
GANTC endonuclease site overlaps at dnaA and pbpA (described in the legend
to Fig. 3A). The structure for Tn5V-MP is shown in Fig. 2A and 3A, and the
strains bearing these genetic loci are listed in Table 2. zzz::Tn5V-MP is a random
transposition in an apparently silent locus 50 kb from Cori (see the text for
additional details). The arrows inside the circle indicate bidirectional replication
(11, 26) from the C. crescentus origin (Cori).

1986 MARCZYNSKI J. BACTERIOL.



antibiotic resistance (Sp-Sr) gene of the V fragment (37). The
sacB gene allows for the screening and counterselection of vec-
tor DNA (40). Plasmid pGM1138 also contains a ColE1 rep-
lication origin and the ampicillin resistance (Ap) genes, both
derived from pBR325 (42). ColE1 and Ap allow replication
and antibiotic selection in E. coli but not in C. crescentus (13).
The RK2-derived origin of transfer (oriT) allows pGM1138 to
be mobilized by conjugation between E. coli S17-1 and C. cres-
centus (13, 42). Since pGM1138 cannot replicate in C. cres-
centus, spectinomycin and streptomycin antibiotic selection
demands either that Tn5V-MP transpose or that pGM1138
integrate into the C. crescentus chromosome. As described be-
low, transposition and integration can be easily distinguished
by the genetic markers on pGM1138 without the need for
molecular analysis of the DNA.

Random or directed Tn5V-MP insertions into the chromo-
some are determined by the choice of C. crescentus recipient
strains in the conjugation experiment. The C. crescentus wild-
type strain NA1000 lacks homology with Tn5V-MP and re-
ceives it by random transposition mediated by Tn5 transposase
(5, 42). Tn5V-MP retains a functional transposase in IS50R
and can transpose in C. crescentus and, presumably, in most
gram-negative bacteria. In a standard conjugation experiment
between E. coli S17-1 containing pGM1138 and C. crescentus
NA1000, Sp-Sr colonies were recovered at frequencies of be-
tween 1027 and 1028. Tn5 transposes randomly into chromo-
some sites, and the delivery vector, often termed the “suicide”
plasmid, is not recovered in the chromosome DNA (5, 42). In
this system (Fig. 2), random transposition was confirmed by
Southern blot hybridization experiments. Total cellular DNA
was prepared from 20 separate Sp-Sr colonies, digested with
BamHI, and processed for Southern blot hybridization. Since
BamHI does not cut inside Tn5V-MP, hybridization with in-
ternal V fragment sequences will reveal the pattern of flanking
DNA. This experiment produced unique V-hybridizing DNA
bands ranging from 5 to 12 kb, indicating a different transpo-
sition event for each of these 20 isolates (data not shown).
Also, the absence of vector DNA was confirmed by rehybrid-
izing these blots with pBR325 DNA. However, this molecular
analysis is not obligatory, since the sacB gene can be scored
by sensitivity on 3% sucrose plates, and all 20 isolates
showed sucrose resistance growth compared with an inte-
grated pGM1138 plasmid control (data not shown).

Directed Tn5V-MP insertions into the C. crescentus chro-
mosome occurs by homologous recombination between IS50
elements on pGM1138 and the IS50 elements of Tn5 trans-
posons at previously characterized sites (5, 14). Lists of such
Tn5 strains are presented in Tables 1 and 2. In a standard
conjugation experiment between E. coli S17-1 containing
pGM1138 and Tn5-containing C. crescentus strains (e.g.,
GM69 [Table 1]), Sp-Sr colonies were recovered at frequencies
between 1024 and 1025. Therefore, compared with C. crescen-
tus NA1000 lacking Tn5 (described above), these conjugation

experiments produced colonies at frequencies that are typically
100- to 1,000-fold higher. This implies an alternative pathway
for establishing Tn5V-MP by homologous recombination, a
conclusion supported by the following observations. For exam-
ple, in a standard conjugation experiment, comparable recA1

and recA Tn5 C. crescentus strains (GM55 and PC7070) pro-
duced Sp-Sr C. crescentus colonies at 1024 and 1027 frequen-
cies, respectively (data not shown).

Directed Tn5 replacement is a two-step recombination pro-
cess requiring crossover events at both flanking IS50 elements,
as shown in Fig. 2. Since double-crossover events are rare in
C. crescentus (32), Sp-Sr selection causes only one recombina-
tion between pGM1138 and Tn5. A second recombination is
needed to exchange the DNA sequences between both IS50
elements. This is done by counterselection on 3% sucrose
plates against the vector (sacB) DNA and scoring for the ex-
change of antibiotic markers. Typically between 1023 and 1024

cells survive sucrose selection. With the Tn5 strains listed in
Table 2, among the survivors following sucrose counterselec-
tion, approximately 50% exchanged Km for Sp-Sr phenotypes
and approximately 50% retained Km but lost Sp-Sr pheno-
types. This result is theoretically expected, assuming equal
recombination frequencies at both IS50L and IS50R. Also,
among the survivors, from 1 to 10% retained both Km and
Sp-Sr phenotypes, indicating that sacB function was lost with-
out homologous recombination. This is probably due to en-
dogenous C. crescentus insertion element inactivation of sacB.
Southern blot experiments clearly indicated that these Km and
Sp-Sr cells retained altered vector DNA sequences while their
sibling Sp-Sr cells did not (data not shown). Therefore, molec-
ular analysis is not essential, and an antibiotic screen is suffi-
cient to confirm the double crossover shown in Fig. 2.

Temporal gradient of chromosome DNA methylation. The
Tn5V-MP system (Fig. 2) was employed to confirm the general
validity of the temporal methylation gradient and to quantify
the average degree of hemimethylation across the length of the
chromosome. Presumably, DNA near the replication origin
will remain hemimethylated longer than distant DNA. The
genetic loci chosen for these experiments are presented in
Table 2 and positioned on the circular C. crescentus chromo-
some in Fig. 2B. These loci span the approximately 2,000 kb
traveled by the replication forks (11). As listed in Table 2,
Tn5V-MPs 1 through 10 were created by directed replacement
of Tn5 transposons at well-characterized locations. Tn5V-MP
11 was created by random transposition and selected for its
proximity to Cori (described below).

The configuration of Tn5V-MP allows a Southern blot assay
that distinguishes fully methylated, hemimethylated, and un-
methylated DNAs. Note that GANTC overlaps the left sides of
ClaI and XhoI at IS50L and the right sides of ClaI and XhoI at
IS50R (Fig. 2). Therefore, hemimethylated DNA can be
cleaved at the left or the right end but not at both ends of the
same molecule. Only when both DNA strands are unmethyl-
ated can ClaI or XhoI cleave both ends of the same molecule.
The expected banding patterns from Southern blot analysis are
diagrammed in Fig. 3. For example, Southern blot analysis
employing PstI and ClaI will produce 3.8-, 2.9-, and 2.0-kb
bands from fully methylated, hemimethylated, and unmethyl-
ated Tn5V-MP DNAs, respectively.

A chromosome methylation gradient was demonstrated by
the experiments shown in Fig. 4, utilizing the Southern blot
assays diagrammed in Fig. 3 for each of the strains listed in
Table 2 and Fig. 2B. Each strain was grown exponentially in
rich PYE medium at 30°C with approximately 90-min doubling
times. These are maximum C. crescentus growth rates. When
the cells reached a low OD of between 0.2 and 0.3, the cultures

TABLE 3. Oligonucleotides

Name Sequence

MP-L top 59-AGCTTGGATCCTAGAATCGATACCGACTCGGA
GCTGGACTCG

MP-L bottom 59-CGAGTCCAGCTCGAGTCGGTATCGATTCTAGG
ATCCA

MP-R top 59-TCGAGTCAGGCTCATCGATTCGATCGCAGCG
MP-R bottom 59-GATCCGCTGCGATCGAATCGATGAGCCTGAC
V primer 2 59-GGGCTTTACTAAGCTGATC
V primer 3 59-GCGAGCAGGGGAATTGATCC
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were split; one received 20 mg of chloramphenicol/ml, and both
were grown for an extra 2 h before their DNA was extracted.
Chloramphenicol blocks both cell growth and protein synthe-
sis. This antibiotic treatment, diagrammed in Fig. 4A, allows
ongoing replication forks to finish DNA synthesis but blocks
new DNA replication and the induction of CcrM (GANTC)
DNA methylation, since both processes require new protein
synthesis. These consequences of chloramphenicol treatment
are also demonstrated in the control experiments described
below (Fig. 5). Southern blot analysis of these Tn5V-MP
strains shows both 3.8-kb fully methylated (unreplicated) and
2.9-kb hemimethylated (replicated) bands. Note that lanes 1
through 11 correspond to the entries in Table 2. A plot of the
percentage of hemimethylated DNA versus distance from the
C. crescentus replication origin (Cori) reveals a decreasing gra-
dient of DNA hemimethylation in exponentially growing cells
(Fig. 4B). Near Cori the DNA is 55% hemimethylated, and this
drops to about 5% near the terminus of replication, approxi-
mately 2,000 kb away (Fig. 4B and Table 2). Presumably, this
55% hemimethylated DNA measurement near Cori reflects
the percentage of stalked cells in S phase. The remaining fully
methylated DNA comes from swarmer cells or predivisional
cells expressing CcrM. The gradient clearly requires chromo-

some replication, since it is abolished by chloramphenicol treat-
ment (Fig. 4). The DNA from the chloramphenicol-treated
cells show approximately uniform (50 to 60%) DNA hemi-
methylation, reflecting only the percentage of stalked cells
in the population and independent of the distance between
Tn5V-MP and Cori. Note also that the naturally occurring
methylation probes, dnaA and pbpA, that are proximal and
distal, respectively, to Cori (Fig. 2B) also lie among the points
plotted by the Tn5V-MP strains (Fig. 4B).

The hemimethylation gradient hypothesis is further support-
ed by experiments with synchronized cells. These experiments
confirm that a Cori-distal Tn5V-MP becomes hemimethylated
later than a Cori-proximal Tn5V-MP. Swarmer cells were iso-
lated and released into fresh rich (PYE) medium, where they
synchronously differentiated into stalked cells and initiated
the program of asymmetric cell division. A strain with bla::
Tn5V-MP (GM1249 [Table 2]) located 1,700 kb away from
Cori started showing Tn5V-MP hemimethylation 60 min into
the cell cycle (Fig. 5A, lane 8), when the cells were clearly
predivisional and pinched in the middle. By contrast, a strain
with zzz::Tn5V-MP (GM1261 [Table 2]) located only 50 kb
away from Cori started showing Tn5V-MP hemimethylation
just 10 to 15 min into the cell cycle (Fig. 6A, lane 4, and D),
when only a few stalked cells (among the swarmer cells) were
visible. Also note the difference between the maximal degrees
of hemimethylation of these two chromosome sites. A maxi-
mum of only 20% hemimethylation was observed at bla::Tn5V-
MP (Fig. 5A, lane 9) compared with 100% hemimethylation at
zzz::Tn5V-MP (Fig. 6A, lanes 8 to 10, and D). Perhaps only
20% of the replication forks reach bla::Tn5V-MP, and this
may happen when only 20% of the cells initiate chromosome
replication. Alternatively, the induction period of the CcrM
(GANTC) methylation enzyme may overlap the late replicat-
ing period, supporting the gradient hypothesis (Fig. 4) that
late-replicating DNA is only transiently hemimethylated.

The control experiment shown in Fig. 5B confirms that at
least 95% of the chromosomes initiated replication during the
experiment shown in Fig. 5A, as well confirming as the efficacy
of the chloramphenicol treatment used to support the methyl-
ation gradient hypothesis. In the experiments shown in Fig. 4,
it was argued that chloramphenicol blocks the initiation of
replication (in swarmer cells) but not the elongation of repli-
cation forks (in stalked cells) and that it also blocks the induc-
tion of CcrM DNA methylation. These consequences of chlor-
amphenicol treatment caused the collapse of the methylation
gradient in unsynchronized cultures (Fig. 4). These inferences
were confirmed by chloramphenicol treatment of synchronized
swarmer and stalked cells (Fig. 5B), sampled as indicated from
the synchronous culture shown in Fig. 5A. Before chloram-
phenicol treatment, both swarmer and stalked cells had 100%
fully methylated (3.8-kb) DNA at bla::Tn5V-MP (Fig. 5A, lanes 1
and 5). After 2 h of chloramphenicol treatment, the swarmer
cells retained fully methylated (3.8-kb) DNA while the stalked
cells acquired ;95% hemimethylated (2.9-kb) DNA (Fig. 5B).
The drawing in Fig. 5B interprets these results. Chloramphen-
icol treatment blocked chromosome replication in the swarmer
cells. In the stalked cells, the initiated replication forks reached
bla::Tn5V-MP, and this DNA remained hemimethylated, be-
cause chloramphenicol blocked CcrM expression. Compare
Fig. 5B with Fig. 5A, lanes 9 through 12, where in the absence
of chloramphenicol CcrM methylation was induced, as it is
normally induced, in the predivisional cells (55).

Measurement of extra chromosome replication by measur-
ing unmethylated chromosome DNA. The fidelity of chromo-
some replication can be measured by the Tn5V-MP Southern
blot assay. Following the first initiation of chromosome repli-

FIG. 3. Methylation state assay and anticipated Southern blot bands. (A)
Tn5V-MP cut with PstI (P) and ClaI (Cl) and hybridized with intervening V-ho-
mologous DNA (probe), the 2.0-kb SmaI band isolated from pHLP45V. Com-
pare this with Fig. 2A and note that a comparable banding pattern is obtained
with XhoI. The alternate left (pCl) then right (Clp) GANTC overlap with these
two ClaI sites ensures that they cannot both be cut on the same molecule unless
it is unmethylated on both strands. (B) The natural HincII (Hc) and GANTC
overlap (Hcp) in the 59 region of the dnaA gene has been described before (55).
The probe was the 420-bp HincII band isolated from plasmid pGM948. (C) The
natural SalI and GANTC overlap (Sp; GTCGACTC) is present inside the pbpA
gene. The probe was the 1.2-kb SalI-to-BamHI fragment from plasmid pBR7-5.
Note that for the natural GANTC restriction site overlaps, as illustrated in Fig.
1B, only one of the two sister hemimethylated duplexes can be cut, so unlike the
situation shown in panel A, in those shown in both panels B and C two different
hemimethylated bands are produced, and one comigrates with the fully methyl-
ated band (compare the results shown in Fig. 6A with those shown in Fig. 6B and
C). Note also that the DNA probes have equal homology with all of the bands,
and this allows quantitative measurements of their respective methylation states.
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cation in stalked cells, an extra round of chromosome replica-
tion will produce one unmethylated and one hemimethylated
duplex from a hemimethylated duplex DNA molecule. This
situation (see Fig. 7A) would produce a 2.0-kb band in the
Tn5V-MP Southern blot assay (Fig. 3A). This band was not
readily apparent in any of the experiments shown in Fig. 4A, 5,
and 6A. Therefore, no or very few C. crescentus chromosomes
break the once and only once rule for the initiation of repli-
cation during the cell cycle that is implied in Fig. 1A.

To maximize the detection of extra replication forks reach-
ing Tn5V-MP, randomly placed transposons were screened for
their proximity to Cori. This screen employed the methylation
gradient data presented in Fig. 4B. A total of 50 random
Tn5V-MP strains were grown exponentially in rich PYE me-
dium, and their DNA was analyzed as described for Fig. 4A.
The zzz::Tn5V-MP (GM1261 [Table 2]) chosen for the exper-
iments described below (Fig. 6 and 7) lies 50 kb to the right of
Cori (Fig. 2B) and has a wild-type 90-min doubling time in
PYE medium.

To determine the optimal time during the cell cycle to detect
extra rounds of chromosome replication, the following control
experiment was performed (Fig. 6). Strain GM1261 was syn-
chronized, and DNA was prepared at the indicated cell cycle
times spanning the swarmer, stalked, and predivisional cell
stages. The Southern blot assays diagrammed in Fig. 3 were
applied to zzz::Tn5V-MP, dnaA, and pbpA (Fig. 6A, B, and C,
respectively), and their quantitation is plotted in Fig. 6D. The
natural GANTC methylation sites at dnaA and pbpA mark
Cori-proximal and -distal sites, respectively (Fig. 2). Therefore,
the passage of replication forks through dnaA and pbpA de-
fines the early and late S-phase times. Note that the zzz::
Tn5V-MP and dnaA plots closely coincide (Fig. 6D), indicating

their proximity to Cori. The GANTC site at pbpA becomes only
partially hemimethylated at later times, as was bla::Tn5V-MP
in Fig. 5A. The declining hemimethylation at zzz::Tn5V-MP
and dnaA (Fig. 6D) demonstrates the leading edge of the
GANTC remethylation period caused by induced CcrM activ-
ity in the predivisional cells.

The Tn5V-MP Southern blot experiment shown in Fig. 7B
presents strong evidence for rare extra chromosome replica-
tion that occurs at most only once per 1,000 cell divisions. Two
samples of swarmer cells and two samples of late-S-phase
stalked cells from the cell cycle experiment shown in Fig. 6
were analyzed for unmethylated chromosome DNA. Figure 7B
also compares the quality of chromosome DNA prepared by
the standard phenol and chloroform extraction method (lanes
1 to 4) and the superior agarose-embedding method (lanes 5 to
8). Progressively longer membrane exposures to X-ray film (1
and 18 h and 4 days [Fig. 7B]) demonstrate the appearance of
the 2.0-kb Tn5V-MP band diagnostic of unmethylated DNA.
This band is present in stalked cells (Fig. 7B, lanes 7 and 8) but
not in swarmer cells (Fig. 7B, lanes 5 and 6), implying that it
was produced by chromosome replication. Other minor bands
are also present, but the 2.0-kb band is the only band uniquely
produced from stalked-cell DNA digested with ClaI (Fig. 7B)
and with XhoI (data not shown). This indicates that the 2.0-kb
band is derived from Tn5V-MP and specific endonuclease di-
gestion flanking the V fragment (Fig. 2A). This 2.0-kb band
was quantified by X-ray film densitometry and by phosphorim-
aging of progressively longer membrane exposures. These two
methods revealed that the 2.0-kb band was 1 part in 2,000 and
1 part in 3,000, respectively, of total Tn5V-MP DNA. This
corresponds to at most 1 of 1,000 stalked cells initiating an
extra round of replication from one of its two chromosomes.

FIG. 4. Chromosome hemimethylation gradient during exponential growth and its elimination by chloramphenicol (1Cm) treatment. (A) Experimental rationale
and Southern blot analysis of methylation state. In a mixed population containing all cell types, DNA closest to Cori is most likely to have replicated and is therefore
most likely to be hemimethylated, as indicated by the single asterisks following the forks. Chloramphenicol treatment allows replication forks to reach the Cori-distal
DNA but blocks new chromosome replication and DNA methylation. The percentage of hemimethylated DNA across the whole chromosome becomes proportional
to the percentage of replicating cells. Lanes 1 to 11 correspond to the separate Tn5V-MP strains (1 to 11) listed in Table 2. These were optimally grown in rich PYE
medium and split into two cultures, with and without 20 mg of chloramphenicol/ml, and culturing continued for 2 h before their DNA was prepared. Southern blot
analysis was performed as described in the legend to Fig. 3A and Materials and Methods. (B) Analysis of data in panel A by phosphorimaging (Molecular Dynamics).
The percentage of the radiation in the 2.9-kb (hemimethylated) band was plotted versus the distance (compare the genome map in Fig. 2B) of the Tn5V-MP from Cori
(solid diamonds). The hemimethylated states at dnaA and pbpA (open ovals), determined in separate experiments, are included for comparison.
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DISCUSSION

How accurate is the two-chromosome rule during the C. cres-
centus cell cycle? C. crescentus chromosome replication is prob-
ably more faithful than the 0.1% error frequency calculated
from the experiment shown in Fig. 7B. This calculation de-
pends on the interpretation, diagrammed in Fig. 7A, that the
2.0-kb band is unmethylated DNA resulting from an extra
round of chromosome replication. Although this conclusion is
reasonable, based on the arguments presented above, it is
certainly not definitive, and the 2.0-kb band may result from
other mechanisms. For example, some DNA may escape being
fully methylated by CcrM in the predivisional cell or ClaI and
XhoI digestion may not be 100% blocked by methylation. A
number of unexplained faint bands appear in Fig. 7B, implying
some spurious site-specific endonuclease activities. It is possi-
ble that C. crescentus produces no unmethylated chromosome
DNA, or more likely much less than 0.1%, which is near the
detection limit of our method.

The Tn5V-MP Southern blotting technique for measuring
extra C. crescentus chromosome replication (Fig. 7) is probably
more sensitive than other techniques that employ DNA density
shift or DNA fluorometry protocols. For example, DNA den-
sity shift experiments, based on the original Meselson and
Stahl experiments (30, 54), distinguish unreplicated (heavy-
heavy) DNA from once-replicated (heavy-light) DNA and
twice-replicated (light-light) DNA. In such experiments, sen-
sitivity is limited by the inherently poor resolution of CsCl
gradients. DNA fluorometry has also proven to be exception-
ally valuable for cell cycle studies, since current techniques
allow single-cell analysis (9, 45, 51). When combined with
antibiotic treatment, DNA fluorometry allows one to count the
chromosomes inside a bacterial cell (9, 45, 51). Treatment with
chloramphenicol (for example, as described above [Fig. 4 and
5]) allows chromosome replication to completion without ini-

FIG. 5. Late replication and hemimethylation of the Cori-distal bla gene
marked by Tn5V-MP. (A) Methylation state during the cell cycle. Synchronous
swarmer cells, strain GM1249 (Table 2), were released into rich PYE medium
and sampled for analysis at T 5 0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 min
during the cell cycle (corresponding to lanes 1 to 12). Southern blot analysis was
performed as described in the legend to Fig. 3A and Materials and Methods. The
3.8- and 2.9-kb arrows mark fully methylated and hemimethylated bands. (B)
Chloramphenicol blocks new replication in swarmer cells and allows continued
replication (fork progression) in stalked cells. The culture described above was
sampled and treated with chloramphenicol (as for Fig. 4) at T 5 0 (swarmer
cells) and at T 5 30 min (stalked cells). The Southern blot analysis and inter-
pretation was otherwise the same as above and for Fig. 4. Only the stalked-cell
DNA was chased into the hemimethylated state. The asterisks indicate methyl-
ated top and bottom strands.

FIG. 6. Early replication and hemimethylation of Cori-proximal chromosome DNA marked by a randomly inserted Tn5V-MP. (A) Methylation state during the cell
cycle at zzz::Tn5V-MP (50 kb from Cori). Synchronous swarmer cells, strain GM1261 (Table 2), were released into rich PYE medium and sampled for analysis at T 5
0, 5, 10, 15, 20, 25, 30, 40, 50, 63, and 75 min during the cell cycle (corresponding to lanes 1 to 11). Southern blot analysis was performed as described in the legend to Fig.
3A and Materials and Methods. (B and C) These same DNA samples were analyzed as described in the legends to Fig. 3B and C for Cori-proximal dnaA and Cori-distal pbpA
genes, respectively. (D) Quantitation of all three replication and methylation markers in panels A, B, and C. The same culture was used for the experiment shown in Fig. 7.
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tiation, and cells arrest with integral numbers of chromosomes.
DNA fluorometry of wild-type C. crescentus demonstrated that
cells have either one or two chromosomes, and no obvious
three-chromosome peak was observed (51). However, the sig-
nal-to-noise ratios for such experiments suggest that a sub-
population of three-chromosome C. crescentus cells would not
be detected unless it represented at least 1% of the total pop-
ulation (personal observations). Also, spurious three-chromo-
some peaks could be produced by two cells sticking together.
By contrast, the Southern blotting technique is not influenced
by a cell aggregation artifact, and it is at least an order of
magnitude (less than 0.1% of cells detected) more sensitive.

An additional, and theoretically more interesting, advantage
of the Tn5V-MP Southern blotting technique is that it does not
require the whole chromosome to replicate before a third
chromosome is detected. It could be argued that there is no
space to accommodate a third chromosome, and therefore no
need to repress extra chromosome replication, inside a wild-
type C. crescentus cell. The Tn5V-MP employed in the exper-
iment shown in Fig. 7 was placed only 50 kb away from Cori.
Detecting a third chromosome requires only 2.5% chromo-
some replication and presents no obvious spatial barrier. Also,
previous experiments demonstrate no inherent barrier to pro-
ducing unmethylated C. crescentus plasmid DNA, because sta-
ble incP plasmids accumulate as much as 20% unmethylated
plasmid DNA in stalked cells (55). Therefore, a very precise
system for restricting the initiation of chromosome replication
to only one round per cell cycle, and not restricted cytoplasmic
volume, is the most likely explanation for the low frequency of
unmethylated chromosome DNA in stalked cells.

What mechanism(s) might repress extra chromosome repli-
cation? E. coli has at least two systems to repress the initiation
of chromosome replication: the Dam-SeqA system, described
in the introduction, and the DnaA-DnaN system. Recent in
vitro data demonstrate that DnaN contacts and quenches
DnaA activity by stimulating its intrinsic ATPase (20). There-
fore, DnaN, a replication fork assembly component, could
provide a negative feedback to block DnaA immediately after
the initiation of replication (20). Such a system could be com-
mon to many bacteria, including C. crescentus, which has both
DnaA (26, 56) and DnaN (41) homologues.

Whether C. crescentus has a repression system analogous to
the E. coli Dam-SeqA system remains an open question. Dam
is unrelated to CcrM (55), and unlike Dam, CcrM is essen-
tial for cell viability (47). Interestingly, CcrM methylation
represses its own transcription in swarmer cells (48), suggest-
ing a wider role for CcrM in the repression of other cell cycle
processes. The E. coli replication origin contains a statistically
significant clustering of Dam (GATC) sites (57). The C. cres-
centus replication origin likewise has five CcrM sites (24, 26),
but this number is not statistically significant for an intergenic
region. The E. coli replication origin (250 bp) supports auton-
omous plasmid replication (31), and it is repressed by the
Dam-SeqA system (22, 46, 50). The C. crescentus replication
origin (Cori; approximately 500 bp) also supports autonomous
plasmid replication (27), but Cori plasmids are significantly
more promiscuous than the chromosome, and Cori plasmids
accumulate unmethylated DNA in stalked cells (unpublished
results). This implies that in C. crescentus, and apparently un-
like in E. coli, extra negative control elements are positioned

FIG. 7. Sensitive detection of extra chromosome replication by assaying unmethylated DNA in stalked cells. (A) Rationale for assay. Swarmer cells differentiate into
stalked cells, producing hemimethylated Tn5V-MP DNA, drawn as paired double lines where top or bottom asterisks denote GANTC methylation and vertical arrows
denote susceptible ClaI or XhoI endonuclease sites (compare Fig. 2A). The open horizontal arrow indicates that one of the two replicating stalked-cell chromosomes
has started a second round of replication, and in the absence of CcrM, this will produce sister hemimethylated and unmethylated DNA duplexes. The absence of
methylation allows simultaneous left and right cleavage of the same Tn5V-MP, producing the 2.0-kb band (compare Fig. 2A). (B) Potentially unmethylated 2.0-kb
chromosome DNA band, revealed during progressive 1- and 18-h and 4-day Southern blot exposures of the following experiment. DNA was prepared from the
synchronous culture of Fig. 6 for T 5 0 and T 5 10 min (lanes 1 and 5, and 2 and 6) swarmer cells and from T 5 50 and T 5 63 min (lanes 3 and 7, and 4 and 8) stalked
cells. Both standard phenol-chloroform extraction (lanes 1 to 4) and the agarose-embedding (lanes 5 to 8) methods for preparing DNA are compared. The Southern
blotting protocol was performed as detailed in Materials and Methods and interpreted in Fig. 3A. DNA in each of lanes 1 to 8 was cut with ClaI and PstI, and the
resulting blot was hybridized with .3 3 109 cpm of 32P-labeled V fragment/mg (Fig. 3A). Size standards, in the adjacent lanes (not shown), were the 1-kb ladder (Gibco
BRL) and blotted chromosome DNA cut with HindIII, PstI, and XhoI. The arrows mark the 3.8-, 2.9-, and 2.0-kb bands corresponding to fully methylated,
hemimethylated, and unmethylated DNAs (Fig. 3A).
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outside those DNA sequences that are essential for auton-
omous replication. Therefore, if C. crescentus has a system
analogous to Dam-SeqA, this system probably has significant
mechanistic differences as well. For example, Nathan et al.
suggested that the initiation of C. crescentus chromosome rep-
lication requires an execution point prior to cell division (34).
Recent results argue that the response regulator CtrA is a
swarmer cell-specific repressor of chromosome replication
(39). However, the bulk degradation of CtrA protein in the
new stalked cells suggests that CtrA may not be available to
repress chromosome replication at the start of S phase (12, 39).

What might be the function(s) of a chromosome methylation
gradient? The results shown in Fig. 4 expand the results in
previous publications (47, 55) and clearly demonstrate that the
period of DNA hemimethylation always decreases with the
distance from the replication origin. In growing cells, DNA
close to Cori is hemimethylated for nearly 60% of the cell cycle
but DNA near the terminus of replication is only briefly hemi-
methylated. Template-directed mismatch repair is one estab-
lished system in E. coli, in which Dam methylation marks the
template strand and directs repair enzymes to resynthesize the
new unmethylated strand (28). Although this possibility has
not been explored, a comparable mismatch repair role may be
played by CcrM. The E. coli mismatch repair system has a
restricted opportunity to recognize mistakes, because E. coli
rapidly remethylates most of its Dam (GATC) sites (28). Per-
haps C. crescentus, with its well-developed cell cycle timing
mechanisms, has expanded the window of opportunity for its
DNA surveillance system(s) by restricting CcrM expression to
the end of the cell cycle. Chromosome methylation is appar-
ently not used for chromosome partitioning. Replication pro-
duces distinctly methylated top and bottom DNA duplexes
(Fig. 1), but top and bottom strands are segregated randomly
to swarmer and stalked cells at cell division (23, 36).

In summary, the chromosome methylation gradient and the
very low incidence of secondary chromosome replication, doc-
umented in this report, are clearly fundamental properties of
the C. crescentus asymmetric cell division cycle. Current mo-
lecular studies offer clues, but the details of how C. crescentus
produces exactly two (but functionally different) chromosomes
and places one into the swarmer cell compartment and the
other into the stalked-cell compartment remain to be under-
stood.
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