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Background: Genome-wide homology search is inconsistent with the emerging view of bacterial genome morphology.
Results: Stress-induced genome condensation proceeds through nonrandom convergence of sister chromosomes that culmi-
nates in spatial proximity of homologous sites.
Conclusion: Chromosome convergence enables repair of double strand DNA breaks.
Significance: Exposure to diverse stressful conditions primes bacteria to cope with detrimental DNA lesions.

Genome condensation is increasingly recognized as a generic
stress response in bacteria. To better understand the physiolog-
ical implications of this response, we used fluorescent markers
to locate specific sites on Escherichia coli chromosomes follow-
ing exposure to cytotoxic stress. We find that stress-induced
condensation proceeds through a nonrandom, zipper-like con-
vergence of sister chromosomes, which is proposed to rely on
the recently demonstrated intrinsic ability of identical double-
stranded DNAmolecules to specifically identify each other.We
further show that this convergence culminates in spatial prox-
imity of homologous sites throughout chromosome arms. We
suggest that the resulting apposition of homologous sites can
explain how repair of double strand DNA breaks might occur in
a mechanism that is independent of the widely accepted yet
physiologically improbable genome-wide search for homolo-
gous templates. We claim that by inducing genome condensa-
tion and orderly convergence of sister chromosomes, diverse
stress conditions prime bacteria to effectively cope with severe
DNA lesions such as double strand DNA breaks.

A particularly deleterious type of DNA damage is double
strand DNA breaks (DSBs)2 (1). An important repair mecha-
nism of this lesion proceeds through homologous repair, which
relies on the interaction of chromosomal ends generated by
DSBs with homologous sequences that act as templates (2, 3).
Accordingly, homologous repair strictly depends on the acces-
sibility of such templates to severed DNA ends. In eukaryotes,
this prerequisite is met by cohesin-mediated apposition of sis-
ter chromatids (4–6). In contrast, segregation of bacterial sister

chromosomes shortly following replication (7–14) prevents
on-site access of DSBs to their repair templates. It is thus gen-
erally assumed that for homologous repair to occur in bacteria,
severed DNA ends need to conduct a genome-wide homology
search (2, 3).
Genome-wide search is, however, inconsistent with the

emerging view of genome morphology in bacteria. Specifically,
recent studies demonstrated that chromosomal sites in bacteria
are persistently localized at specific cytoplasmic addresses (9,
15–20) and that bacterial genomes consist of multiple domains
that are spatially confined and mutually inaccessible (21, 22).
Such a genome organization, which indicates a highly con-
strained motion of chromosomal sites, implies that a genome-
wide search is unlikely. This claim is supported by the finding
that diffusion of genomic sites is substantially slower than that
revealed by proteins (23), indicating that homology search con-
ducted by chromosomal sites for homologous templates cannot
be considered in terms of a search performed by proteins for
their cognateDNA sequences (24). Indeed, although significant
insights into the process by which DSBs identify their homolo-
gous repair templates have recently been achieved (25, 26), the
question how such lesions find these templates, which are
embeddedwithin a genomic-lengthDNA, remains unanswered
(24).
It is becoming increasingly evident that exposure of bacteria

to diverse detrimental conditions results in massive genome
condensation (27–32). The physiological implications of this
apparently generic stress response, which was recently demon-
strated to occur also in archaea (33), remain unclear. By using
fluorescent markers to locate specific Escherichia coli chromo-
somal sites, we show that stress-induced genome condensation
proceeds through an orderly convergence of segregated sister
chromosomes rather than through randomDNAcollapse. This
convergence is suggested to initiate at the replication forks and
to bemediated by the recently demonstrated ability of identical
double-stranded DNA molecules to specifically identify each
other and generate robust complexes (34, 35).We propose that
the ensuing proximity of homologous chromosomal sites
throughout chromosomal arms enables DSB repair in a mech-
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anism that is independent of a genome-wide search yet consist-
ent with the current physical understanding of themorphology
of bacterial genomes. The results reported here imply that
genome condensation, triggered even by relatively moderate
stressful conditions and cellular damage, primes bacteria to
rapidly and effectively cope with highly detrimental DNA
lesions such as DSBs. Moreover, although our observations are
consistent with the notion that RecA plays an essential role in
the identification of accurate homologous template as well as in
the formation of a stable complex between presynaptic fila-
ments and their repair templates (2, 3, 36, 37), these findings
imply that, in contrast to the widespread conviction, RecA-de-
pendent genome-wide search is not required for DSB homolo-
gous repair.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions (Table 1)—E. coli
wild-type strain used in this study was AB1157. WBN2 RecA�

strain is an AB1157 derivative. IL05-RecA� was constructed by
P1 transduction of theDrecA306::Tn10 locus fromWBN2 into
IL05 and selection for tetracycline, gentamicin, and kanamycin
resistance. The recA deletionwas confirmed by colony PCR and
DNA sequencing. A strain carrying I-SceI endonuclease under
PBAD arabinose-inducible promoter and a single I-SceI chro-
mosomal cut site (SMR8478; gift from S. Rosenberg) (1) was
used for DSB induction at a single chromosomal site (Table 1).
To construct the SMR8478-FseI strain (Table 1) that enables
generation of five DSBs, plasmid pZS*32-FseI that harbors FseI
endonuclease under the control of the PLlacO-1 promoter was
transformed into SMR8478 cells. Cells were regularly grown in
LB at 37 °C. NA and chloramphenicol (Sigma) were added to
mid-log cultures to concentrations of 50–500 or 100 �g/ml,
respectively. For endonuclease induction, SMR8478 and
SMR8478-FseI strains were grown in M9 minimal medium
supplemented with 0.1% glucose to A600 � 0.3, centrifuged,
resuspended in M9, including either 0.1% L-arabinose (for
I-SceI induction) or 0.1% L-arabinose and 1 mM isopropyl
1-thio-�-D-galactopyranoside (for induction of both I-SceI and
FseI endonucleases), and incubated at 37 °C for 1 h.
Fluorescent Repressor Operator Systems (FROS) Studies (7,

12)—E. coli strains IL05 (wild-type and RecA�) and WX51
were used for visualization of chromosomal sites. IL05 carries
on its chromosome an array of 240 copies of tetO (tetO240-Gm)
inserted close to the origin and an array of 240 copies of lacO
(lacO240-Km) inserted close to the terminus site (Fig. 1A). A
second strain for visualization of chromosomal sites, WX51,
carries 240 copies of lacO and 240 copies of tetO inserted at 90°
and 270° of the chromosome, respectively (Fig. 1B). A multi-
copy plasmid, pLAU53 (Table 1), expressing LacI-eCFP and
TetR-eYFP (enhanced cyan and yellow fluorescent proteins,
respectively) fusion repressors from PBAD arabinose promoter
was used as a source of fluorescently labeled LacI andTetR. The
FROS systems were kindly provided by D. Sherratt.
FluorescenceMicroscopy and Image Processing—Strainswere

grown to A600 �0.5, treated with antibiotics, and stained with
the membrane stain FM4-64 (25 �g/ml; Invitrogen) and DAPI
(0.5 ng/ml; Sigma) for 15 min. For FROS experiments, E. coli
IL05 (wild-type and RecA�) or WX51 carrying pLAU53 was

grown toA600 �0.3, inducedwith 0.01% L-arabinose for 30min,
and exposed to antibiotics as described above. Cells were then
placed on 1% agarose pads prepared in a CoverWell Imaging
Chamber (Sigma). Samples were visualized with �100 oil
immersion objective and photographed using a Deltavision
microscope (Applied Precision). eCFP and eYFP were visual-
ized by using ET470/24m and ET535/30m filters (Chroma),
respectively. The signals of DAPI and FM4-64 were viewed by
using ET457/40 and ET617/63 filters (Chroma), respectively.
All images were identically de-convoluted and processed with
the conservative SoftWorx package (Applied Precision).
Time-lapse studies were conducted on E. coli IL05 and

WX51 cells carrying pLAU53. Cultures were grown in LB to
A600 �0.3 and inducedwith 0.02% L-arabinose for 30min. Cells
were placed on 1% LB-agarose pads containing 500 �g/ml NA.
Because of rapid bleaching of CFP, only YFP excitation was
used in some time-lapse experiments, enabling localization of
origin-proximal or 270° tetO foci. Images were de-convoluted
with the conservative SoftWorx package and processed with
ImageJ software.

RESULTS

Visualization of Chromosomal Sites—Chromosomal site
localization was analyzed by using E. coli strains in which tetO
and lacO arrays were inserted at various chromosomal sites
(Fig. 1). These strains carry a plasmid encoding TetR-eYFP and
LacI-eCFP repressors (FROS) (7, 12). Decoration of chromo-
somal sites following replication with the fluorescently tagged
repressors provides a means for probing cellular addresses of
homologous sites located on sister chromosomes.
Stressful Growth Conditions Result in a NonrandomGenome

Condensation and Convergence of Sister Chromosomes—In
unstressed, exponentially growing E. coli cells (strains IL05 and
AB1157; Table 1), chromatin is spread over the entire cyto-
plasm (Fig. 2A; Table 2), as is the case for other bacterial strains
such asBacillus subtilis (29) and in archaea (33). In contrast and
as previously shown (28), E. coli cells exposed toNA, a pleiotro-
pic drug that inflicts diverse DNA lesions (nicks, gaps, and
DSBs) (38, 39), reveal condensed chromatin morphology (Fig.
2B; Table 2). In addition, exposure of IL05 cells to oxidative
irradiation (�, 137Cs source) that inflictsDNA lesions at doses of
100 and 200 gray resulted in genome condensation in 21 � 2
and 34� 3%of the cells, respectively (data not shown).Notably,

FIGURE 1. FROS (7, 12). A, FROS 1. tetO and lacO arrays were inserted close to
the origin and terminal chromosomal sites, respectively (IL05 strain; Table 1).
B, FROS 2. lacO and of tetO arrays were inserted at 90° and 270° of the chro-
mosome, respectively (WX51 strain; Table 1).
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genotoxic stress was also shown to elicit genome condensation
in B. subtilis (29) and archaea (33).

To locate specific chromosomal sites following stress-in-
duced genome condensation, we used IL05 E. coli strain (Table
1), in which tetO and lacO arrays were inserted near the repli-
cation origin and chromosomal terminus, respectively (FROS 1;
Fig. 1A) (7). Unstressed exponentially growing IL05 cells reveal
two or four origin-proximal sites but only one terminus-prox-
imal site (Fig. 2, C, E, G, and I), in keeping with multifork repli-
cation and rapid chromosome segregation (7, 12, 13, 40). In
sharp contrast, NA-treated cells reveal only a single origin-
proximal focus or two closely adjacent foci (Fig. 2, D, F, H, and
J; Tables 3 and 4), which are always separated from the termi-
nus-proximal site. These observations are supported by time-
lapse experiments (supplemental Movies S1 and S2), which
reveal progressive convergence of origin-proximal sites that
culminates in their coalescence. Notably, whereas the inher-
ently limited resolution of fluorescence microscopy does not
allow unequivocal determination of the precise relative posi-
tion of the origin-proximal foci, the progressive approach of
these sites toward each other as well as the observation that
once merged they remain co-localized support the notion that
these foci do indeed coalesce. Collectively, these findings indi-
cate co-localization of homologous sites (represented by origin-
proximal foci) but not of nonhomologous sites (origin- and ter-
minus-proximal sites).
We propose that this co-localization of chromosomal

homologous sites results from the convergence of sister chro-
mosomes. A single origin-proximal focus in NA-treated bacte-
ria derives from cells that, prior to being exposed to stress,
maintained a single pair of segregating sister chromosomes that
originated from a single replication-firing event. Two contigu-
ous origin-proximal foci are suggested to arise from the conver-
gence of two pairs of chromosome arms that resulted from two
successive replication-firing events (as indicated in the model
depicted in Fig. 6). This conjecture, which is supported by our
time-lapse movies (supplemental Movies S1–S6), is further
substantiated by a statistical analysis conducted on a large num-
ber (�500) of unstressed and NA-exposed cells. This analysis
demonstrated that in unstressed cells, the ratio between two
and four origin-proximal foci is 0.41. This ratio is very similar to
that of a single and two contiguous foci revealed in NA-treated
cells (0.44), implying that chromosome convergence occurs

between chromosome sisters that derive from an identical rep-
lication-firing event. Notably, NA removal results in a progres-
sive increase in the number of fluorescent foci in a limited but
significant cell population (Table 5), indicating reversibility
of genome condensation and re-initiation of chromosome
segregation.
To corroborate the claim that stress-induced genome con-

densation promotes convergence of sister chromosomes and to
eliminate the possibility that this convergence is limited to ori-
gin-proximal sites, we used an additional FROS strain (WX51;
Table 1) in which lacO and tetO arrays were inserted at 90° and
270° sites of the chromosome, respectively (FROS 2; Fig. 1B)
(12). Exponentially growing cells reveal two or four tetO and
lacO foci (Fig. 3, A, C, and E; Table 6) that, following NA treat-
ment, merge into a single tetO and a single lacO foci that are
always spatially separated (Fig. 3,B,D, and F).Whereas only the
tetO array (270° chromosomal site) could be probed in time-
lapse experiments due to rapid eCFP bleaching, studies on cells
fixed at different time points revealed that the nonhomologous
tetO and lacO foci are consistently spatially separated, as shown
in Fig. 3B. Notably, because FROS 2 probes the location of two
distinct chromosomal sites, these observations, corroborated
by time-lapse experiments (Fig. 3, C–F; supplemental Movie
S3), further support the notion that genome condensation pro-
motes convergence of chromosome arms throughout their
entire length.
Insights from Induction of Double Strand DNA Breaks at Pre-

cise Number and Chromosomal Sites—The DNA-damaging
agents described above (NA, oxidative irradiation) inflict
lesions at random chromosomal sites and at a frequency that
cannot be precisely controlled.We therefore sought to examine
the correlation between genome condensation and generation
of DNA lesions at a well defined number and at specific chro-
mosomal sites.
Toward this aim, we used an E. coli strain (SMR8478) that

carries the inducible double strand I-SceI endonuclease and a
single I-SceI cut site, thus enabling the generation of a single
DSB at a specific chromosomal site (1). Whereas induction of
I-SceI was shown to generate a DSB in a large majority of the
cells (1), such induction resulted in genome condensation in
only a small percentage of the population (6 � 1%; 88 cells
probed in two experiments) (data not shown). In light of the fact
that the I-SceI cut site is located near the origin of replication

TABLE 1
Strains and plasmids

Genotype Source

Strains
AB1157 thr-1, araC14, leuB6(Am), �(gpt-proA)62, lacY1, tsx-33, qsr�-0, glnV44(AS), galK2(Oc), LAM-, Rac-0,

hisG4(Oc), rfbC1, mgl-51, rpoS396(Am), rpsL31(strR), kdgK51, xylA5, mtl-1, argE3(Oc), thi-1
WBN2 RecA� (AB1157 (�recA306::Tn10))
IL05 AB1157 (lacO240-Km]1801; tetO240-Gm]3908. 7, 12
WX51 AB1157 (lacO240-Km at 90° and tetO240-Gm at 270°) 7, 12
IL05-RecA� IL05 (�recA306::Tn10) This study
SMR8478 MG1655 (�att�::PsulA	gfp-mut2 attP21::pAH81-PBAD	I-SceI) 1
SMR8478-FseI MG1655 (�att�::PsulA	gfp-mut2 attP21::pAH81-PBAD	I-SceI::pZS*32-FseI) This study

Plasmids
pLAU53 pUC18 derivative containing genes for fusion proteins LacI-eCFP and TetR-eYFP under ara

promoter
7, 12

pZS*32-MCS pZ vector system This study
pZS*32-FseI FseI endonuclease under PLacO-1 promoter This study
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(355,395 bp from the origin in an �4,700-kbp chromosome
site (1)), we suggest that the low extent of genome condensation
reflects the fact that in most cells endonuclease induction
occurred when replication forks have already proceeded

through the I-SceI site and consequently is not affected by this
lesion.
To verify this conjecture, we constructed a strain (SMR8478-

FseI; Table 1) that enables infliction of four double strand DNA
breaks at natively present FseI sites, in addition to the single
DSB generated by the I-SceI endonuclease. Induction of both
I-SceI and FseI, which generates five DSBs, resulted in genome
condensation in 32 � 2% of the cells (260 cells probed in three
different experiments). We claim that this substantial increase
in the population of cells that undergo genome condensation
following infliction of five DSBs is consistent with the notion
that generation of DNA lesions, the ensuing stalling of repli-
cation forks, and genome condensation are mechanistically
related.
RecA and DSBs Are Required for Persistent Co-localization of

Sister Chromosomes and Homologous Sites—To gain deeper
insights into the mechanistic implications of stress-mediated
genome condensation and chromosomal arm convergence, we
studied these processes in two E. coli strains deficient in the
recombination-repair protein RecA (WBN2 and IL05-RecA�;

FIGURE 2. Chromosomal organization and site localization in E. coli
(FROS 1) exposed to NA. A, expanded genomes in unstressed cells. B,
genome condensation following exposure to NA (1 h; 350 �g/ml) (DNA
stained blue with DAPI, and cell membranes stained orange with FM4-64). C,
E, G, and I, unstressed cells carrying FROS 1 (Fig. 1A) reveal two or four origin-
proximal foci (green) and a single terminus-proximal focus (red). D, F, H, and J,
following NA treatment, two foci coalesce into a single focus, and four foci
merge into two adjacent foci. G, I, H, and J are initial and final frames from
time-lapse experiments (supplemental Movies S1 and S2, respectively). Nota-
bly, two cells are depicted in I and J. Scale bars, 0.5 �m.

TABLE 2
Effects of NA on DNA condensation in WT E. coli (AB1157)

NAa
Spread
genome

Condensed
genome n/Nb

�g/ml % of cells % of cells
0 97 � 2 3 � 2 680/6
100 7 � 2 93 � 2 492/6
350 2 � 2 98 � 2 486/6
500 0 99 � 2 703/6

a Exposure time was 60 min.
b n in all tables represents the total number of cells scored for a given set of condi-
tions. N is the number of independent experiments conducted.

TABLE 3
Effects of NA (100 �g/ml) on the distribution of origin-proximal
homologous sites in E. coli IL05

NA
incubation

1
focus

2 adjacent
foci

>2
separated foci n/N

min % of cells % of cells % of cells
0 0 2 � 1 98 � 1 330/3
10 3 � 1 4 � 1 93 � 1 178/3
20 14 � 3 18 � 3 68 � 3 102/2
40 33 � 3 37 � 3 30 � 3 304/3
60 43 � 3 48 � 3 9 � 3 315/3

TABLE 4
Effects of NA (350 �g/ml) on the distribution of origin-proximal
homologous sites in E. coli IL05

NA
incubation

1
focus

2 adjacent
foci

>2
separated foci n/N

min % of cells % of cells % of cells
10 5 � 3 5 � 3 90 � 3 151/2
20 18 � 2 20 � 2 63 � 2 176/2
40 38 � 4 39 � 4 23 � 4 244/3
60 46 � 2 51 � 2 3 � 2 375/3

TABLE 5
Distribution of origin-proximal sites following NA (100 �g/ml)
removal

Time following
NA removal

1
focus

2
foci n/N

min % of cells % of cells
0 85 � 5 15 � 5 71/3
30 68 � 5 32 � 5 122/3
60 64 � 6 36 � 6 55/2

Stress-induced Chromosome Pairing

25662 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 35 • AUGUST 30, 2013



Table 1). Exposure of these strains to low NA doses resulted in
genome condensation in a limited fraction of the bacterial pop-
ulation (Table 7), in keeping with previous observations dem-
onstrating that RecA promotes genome condensation (28).
Higher NA concentrations triggered condensation in a signifi-
cantly larger population (Fig. 4, A and B; Table 7). Following
exposure to such doses, convergence of origin-proximal sites
into close spatial proximity was detected in 68 out of 80 cells
(85%). However, and in clear contrast to wild-type cells, con-
vergence did not result in persistent co-localization of homol-
ogous sites but rather in two adjacent foci or a single focus that,
inmost cases, subsequently segregated into two closely apposed

foci (Fig. 4, C–G; supplemental Movies S4 and S5). These
results indicate that, although genome condensation and sister
chromosome convergence may occur in the absence of RecA,
persistent sister co-localization is RecA-dependent. This obser-
vation is consistent with the fact that RecA is required for the
formation of a lasting complex between presynaptic filaments
generated at DSB sites and their homologous repair partners
(2, 3).
Similar results were obtained when wild-type IL05 cells were

exposed to chloramphenicol, an antibiotic that inhibits protein
synthesis. As shown previously, chloramphenicol treatment
results in chromatin condensation into toroidal structures (Fig.
5A) (41). Time-lapse studies in which 60 cells were probed fol-
lowing exposure to chloramphenicol revealed that in 52 cells
(86.6%) homologous origin-proximal sites converged into close
vicinity or merged into a single focus that then segregated into
two closely apposed foci (Fig. 5, B–D; supplemental Movie S6).
Because chloramphenicol does not inflict DNA lesions, these
observations imply that DSBs are not required for sister chro-
mosome convergence yet are essential for stabilizing their
co-localization through the formation of robust and persis-
tent presynaptic filaments-homologous template-RecA joint
complexes, as is the case for RecA (2, 3).

DISCUSSION

This study was motivated by two considerations. The first is
the increasing realization that exposure of bacteria to diverse
stressful conditions, including starvation (27, 42), UV irradia-
tion (28, 29), various antibiotics (31), and oxidative stress (32),
results in massive genome condensation. Whereas this appar-
ently generic stress response was previously proposed to pro-
mote DNA protection through physical sequestration (27, 43,
44) or to predispose bacteria to programmed cell death (31), the
physiological implications of this process remain unclear. The
second consideration was the unlikelihood of homologous
repair pathways of double strand DNA breaks that rely on
genome-wide search conducted by DNA ends for their repair
templates. As indicated in the Introduction, such a search is
inconsistentwith the highly restrictedmotility of chromosomal
sites, which is reflected by their precise and persistent localiza-
tion at particular cytoplasmic addresses. The enigmatic nature
of a genome-wide homology search has indeed been repeatedly
highlighted (24). Intriguingly, studies conducted on yeast cells
revealed an increased mobility of chromosomal sites following
induction of DSBs and proposed that this enhanced motility
promotes homology search (45, 46). A recent study (also con-
ducted on yeast) demonstrated, however, that an a priori prox-
imity between homologous sites, imposed by nuclear architec-
tural features such as telomere and centromere clustering, plays

FIGURE 3. Chromosomal site localization in E. coli (FROS 2) exposed to
NA. A, C, and E, distribution of chromosomal foci in nonstressed E. coli cells
carrying FROS 2 (Fig. 1B). B, D, and F, cells exposed to NA, revealing co-local-
ization of homologous but not of nonhomologous sequences (red and green
foci). C–F (supplemental Movie S3) represent the initial and final frames from
time-lapse experiments. In the time-lapse studies only the tetO array (270°
chromosomal site) was probed due to rapid eCFP bleaching. Scale bars, 0.5
�m.

TABLE 6
Effects of NA (350 �g/ml) on the distribution of site located at 270° of
the chromosome in E. coli WX51
Similar results were obtained for the chromosomal site at 90°.

NA
incubation

1
focus

2 contiguous
foci

>2
foci n/N

min % of cells % of cells % of cells
0 7 � 0.5 0 93 � 0.5 364/3
30 60 � 2 12 � 2 28 � 2 514/3
60 81 � 2 12 � 2 7 � 2 499/4

TABLE 7
Effects of NA on DNA packaging in RecA� E. coli (WBN2)

NAa
Fully spread
genome

Condensed
genome n/N

�g/ml % of cells % of cells
0 93 � 2 7 � 2 101/6
100 68 � 5 32 � 5 744/4
350 42 � 3 58 � 3 490/4
500 11 � 0.5 89 � 0.5 470/3

a Exposure time was 60 min.
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a crucial role in enhancing the efficiency of DSB homologous
repair (47).
Previous studies revealed that condensation of bacterial

genome is mediated by specific stress-induced DNA-binding
proteins such as Dps during starvation (27, 42) or RecA follow-
ing infliction of DNA damage (28, 29). The observations
reported here, according to which genome condensation
occurs in RecA� cells as well as in wild-type bacteria in which
protein synthesis is inhibited, imply that condensation can be
induced through an alternative, generic, pathway. This notion
is corroborated by recent observations according to which
exposure of bacteria to oxidative stress results in genome pack-

aging in a process that is independent of themainDNA-binding
structural proteins such as Dps, H-NS, IHF, HU, and MukB
(32).
Genome morphology in bacteria has been argued to repre-

sent a balance between the ever-present condensing factors
that include the highly crowded cellular environment as well as
attractive DNA-DNA interactions (48–51) and the expanding
factors associated with metabolic activities (52, 53). These con-
sist of DNA replication, transcription, chromosome segrega-
tion and, in particular, coupled transcription-translation and
membrane insertion of membrane proteins that occur in bac-
teria (54). Indeed, a recent study demonstrated that expression
of membrane proteins plays a crucial role in maintaining an
expanded conformation of bacterial chromosomes (55). Collec-
tively, these considerations imply that attenuated metabolic
activity imposed by diverse stressful conditions such as starva-
tion, drug-induced inhibition of protein synthesis, or exposure
to DNA-damaging agents (previously demonstrated to induce
replication arrest and cell cycle arrest by stalling replication
forks (3, 56)) triggers DNA condensation. This condensation is
presumably effected by tipping the balance between genome
expansion and condensation toward the latter, as suggested
previously (30, 57, 58).
On the basis of these considerations and the observations

described above, we propose that stress-induced genome con-
densationmaintains a crucial and heretofore unconsidered role
in repair of bacterial DSBs. Specifically, we show that conden-
sation does not proceed through random DNA collapse but
rather through an orderly convergence and realignment of sis-
ter chromosomes throughout their length (Fig. 6). We suggest
that this convergence is mediated by the long hypothesized (50,
59, 60) and recently in vitro demonstrated (34, 35, 61, 62) ability
of identical (homologous) double-stranded DNA molecules to
specifically identify each other and to generate relatively robust
complexes. Significantly, this process was shown to be protein-
independent and to be promoted byDNAcondensation (35, 60,
63). We further propose that chromosome-realignment medi-
ated by homologous dsDNA-dsDNA interactions is initiated at
replication forks where �300,000 bp of the newly replicated
sisters remain apposed before segregation is initiated (14). Such
a priori paired regions may act as nucleation sites for conver-
gence of the remaining sections of the sister chromosomes that
then proceed sequentially in a zipper-like manner.
The conjecture that genome condensation and a nonrandom

re-pairing of sister chromosomes are initiated at replication
forks is supported by the results derived from the induction of
DSBs by endonucleases, which imply thatDNA lesions inflicted
at sites that have already been replicated and as such do not
encounter replication forks do not induce DNA packaging.
This proposal is also corroborated by our time-lapse experi-
ments, which reveal that two homologous sites merge into a
single fluorescent focus whereas four sites, present on two pairs
of homologous chromosomal arms, coalesce into two foci (as
depicted in Fig. 6). It is further supported by our finding that the
ratio between two and four fluorescent foci in unstressed cells is
similar to the ratio between a single and two foci inNA-exposed
cells, implying that a single pair of segregating chromosomes
converges into a single focus (Fig. 6A), whereas two pairs of

FIGURE 4. Genome organization and chromosomal foci in RecA� cells
exposed to NA. A, genomes in untreated cells. B, genome condensation fol-
lowing NA treatment. C and D, cells at time 0 (C) and following 120 min of
exposure to NA (D) reveal convergence, but not co-localization, of origin-
proximal (green) sites. E–G, frames from supplemental Movie S4 showing co-lo-
calization and subsequent separation of origin-proximal foci. Scale bars, 0.5 �m.
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chromosome arms that result from two successive replication-
firing events merge into two adjacent foci (Fig. 6B).
Following chromosome arm convergence, homologous sites

on both arms are brought into close spatial proximity through-
out the chromosome arms (Fig. 6). We suggest that this prox-
imity enables DSBs to find their homologous repair templates
through short range diffusion-driven random collisions that
were shown to govern genomic DNA motion (23). Notably,
although such a spatially constrained motion is incompatible
with a genome-wide search, it is consistent with the notion that
the main recombination protein RecA is not required for the
homology search. RecA is, however, essential for accurate

homology recognition and the subsequent formation of a stable
recombination synapse (2, 3). This claim is supported by the
finding that in RecA� cells exposed to NA, homologous sites
converge but do not form lastingly co-localized foci. It is also
consistent with the observation that in chloramphenicol-
treated wild-type cells, chromosome arms converge but do not
merge into lasting foci, as DSBs, along with RecA, are required
for the formation of a robust joint recombination complex
betweenpresynaptic filaments and their homologous templates
(2, 3).
It has been proposed that chromatid cohesion in eukaryotes

evolved to enable DNA repair (4) and is, accordingly, enhanced

FIGURE 5. Effects of chloramphenicol on chromosomal foci localization. A, chromatin packaging into toroidal structures following exposure of IL05 to
chloramphenicol. B–D, frames from a time-lapse experiment (supplemental Movie 6) in which IL05 cells were exposed to 150 �g/ml chloramphenicol,
depicting merging followed by separation of homologous, origin-proximal foci in the right-side of the cell, and foci convergence followed by segregation in the
left-side of the cell. Scale bars, 1.0 �m in A, and 0.5 �m in B–D.

FIGURE 6. Schematic model of stress-induced convergence of chromosomal arms. Growing bacteria reveal either one (A) or two (B) pairs of newly
replicated chromosome arms (black and brown ribbons, respectively). Adverse growth conditions promote genome condensation and sister chromosome
convergence, which is initiated at the replication forks that act as nucleation sites and proceed in a zipper-like pathway. The resulting spatial proximity of
homologous sites throughout chromosome arms enables interaction of DSBs with their homologous templates in a process that relies on random, short range,
and diffusion-driven collisions rather than on a genome-wide homologous search.
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following infliction of DSBs (5, 64). This notion, along with the
bacterial DSB repair pathway proposed here, implies that the a
priori juxtaposition of homologous partners is a critical prereq-
uisite for homologous repair of DSBs, a prerequisite that is
conserved in bacteria and eukaryotes. An intriguing implica-
tion is that genome condensation and chromosome re-pairing
effected by diverse stressful conditions prime bacteria to rap-
idly and effectively cope with highly detrimental DNA lesions
by facilitating homologous repair of DSBs.Moreover, by imply-
ing that stress-induced DNA condensation is initiated at repli-
cation forks, the observations presented here support the
notion (65–71) that homologous recombination evolved
mainly to repair stalled replication forks, rather than to gener-
ate genetic diversity. An additional corollary of this study is that
the innate physicochemical properties of DNA molecules,
including their tendency to condense under appropriate condi-
tions and the ability of identical double-stranded DNA mole-
cules to identify each other and generate a robust complex, are
directly pertinent to their physiological activities (43, 49, 57, 72,
73).
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