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The chromosome of the filamentous bacterium Streptomyces coelicolor is linear, but the genetic map is
circular. We present cytological evidence based on the use of fluorescence in situ hybridization showing that
the ends of the chromosome frequently colocalize, in agreement with the idea that the ends are held together,
effectively forming a circular chromosome. These observations provide a possible explanation for how a linear
bacterial chromosome can exhibit a circular genetic map.

With over 500 species recognized to date, Streptomyces
forms a large genus in the high-GC-content group of gram-
positive bacteria. Members of this group of spore-forming,
filamentous soil bacteria undergo a complex life cycle charac-
terized by various morphologic stages (5, 6). When grown on
solid media, spores germinate and develop into substrate my-
celia consisting of multinucleated, long branching filaments
with infrequent septa. As the colony matures, filaments termed
aerial mycelia project above the colony surface. Spores, each
containing a single chromosome, are then formed by synchro-
nized septation in the multinucleated aerial filaments. Most
species of Streptomyces do not sporulate when they are grown
in liquid cultures.

Streptomyces coelicolor A(3)2 is the best-characterized spe-
cies from a genetic point of view (17). The earliest evidence
that the genetic map of S. coelicolor is circular came from
conjugative mating experiments involving differentially marked
strains (13, 14). All later studies, including protoplast fusion
experiments (18), supported the circularity of the genetic map
unequivocally. Thus, it came as a surprise when the chromo-
some of the related species Streptomyces lividans 66 was sug-
gested to be linear by physical mapping data (23). Later,
through the application of pulsed-field gel electrophoresis,
both the S. coelicolor and S. lividans chromosomes were shown
to be linear (24). Whereas most experimentally studied bacte-
ria possess a circular genome, a few, including the Lyme dis-
ease-causing spirochete Borrelia burgdorferi (3, 9), the obligate
intracellular bacterium Coxiella burnetii (36), and the erythro-
mycin-producing actinomycete Saccharopolyspora erythraea
(28), have been found to possess linear genomes. Agrobacte-
rium tumefaciens possess two chromosomes, one that is linear
and one that is circular (1). More prokaryotes are likely to be
found to possess linear genomes as the physical maps of more
bacterial species become available. Of the prokaryotes known
to have linear genomes, only Streptomyces has a well-developed
genetic system. The discovery of a linear genome exhibiting
circular genetic behavior in Streptomyces leads to an interesting
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question: how is a circular genetic map obtained from a linear
genome?

The only other known examples of a linear genome exhib-
iting circular genetic behavior are certain phage genomes such
as that of T4 (33), where map circularity results from their
circularly permutated and terminally redundant chromosomes.
However, circular permutation does not apply to Streptomyces
since the chromosomes were shown to have constant ends (24).
In their study of phage genetics, Stahl and Steinberg (32) noted
that a circular genetic map may arise from a linear genome if
recombination is restricted to even numbers of crossovers.
Wang et al. (34) tested this model by examining the inheritance
of telomeres in plasmid-mediated interspecies crosses between
S. coelicolor and S. lividans. The authors demonstrated a strong
bias towards even numbers of crossovers during such matings,
supporting the applicability of the Stahl and Steinberg model
to the Streptomyces linear genome.

It is well known that eukaryotic chromosomes can exhibit
higher-order organization, but little evidence has been pre-
sented as to whether prokaryotic chromosomes exhibit similar
properties. Essentially nothing is known about how chromo-
somes are organized in Streptomyces. A simple explanation for
the observed circular genetic behavior is that the two ends of
the Streptomyces linear chromosome are physically held to-
gether to form a circle (16, 34). In such a case, even numbers
of crossovers, as observed by Wang et al. (34), would be nec-
essary if complete haploid genomes were to emerge from the
mating process (32). Here, we use fluorescent in situ hybrid-
ization (FISH) to examine the localization of distinct chromo-
somal regions within the cell. Our results provide the first
cytological evidence that the ends of a linear bacterial chro-
mosome colocalize, suggesting that the chromosome adopts a
circular configuration.

MATERIALS AND METHODS

FISH probe preparation. FISH probe preparation was performed using a
modified procedure based on the protocol described in the work of Jensen and
Shapiro (22). Due to the high GC content of the S. coelicolor genome, reactions
producing long PCR products are difficult to perform. Therefore, two or three
separate PCRs were carried out to achieve the desired length for each probe. To
prepare the 9.8-kb oriC probe, two PCRs were performed using primers
MYO173 and -174 and MYO175 and -176 (primer sequences and PCR product
sizes are shown in Table 1) using PfuTurbo DNA polymerase (Stratagene). The
PCR fragments obtained were then cloned into the pCR2.1-TOPO vector using
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TABLE 1. PCR primers, PCR product sizes, and plasmids constructed for the preparation of FISH probes
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Probe Forward or reverse primer? Sequence Product size (bp) Plasmid

oriC 1 MYO173 CGA ACG GAA GTC GGC CAG CGA CAG ATG C 5,072 pMYB236
MYO174 CGC CGT ACC GAA CGA ATT TGC GAA GGG C

oriC 2 MYO175 CGC CGT ACC GAA CGA ATT TGC GAA GGG C 4,746 pMYB238
MYO176 CTC CGA GAA GTT GCT CCA ATA CGC GTG G

TIR 1 MYO258 GCG ACC CTC GTT GAC TCC GGA GTT GTA TG 3,252 pPMYB288
MYO259 CCC TTC GAC CAC ATC ACC GAC TCC TGA C

TIR 2 MYO260 GCT CAG AAG CGG CGT CAG CTC TTG AGC AC 3,486 pPMYB290
MYO261 TGT GCA CTG GAC GAC GGG GAT GCG CTC AC

TIR 3 MYO262 GCC TTC CGT CCT TGA CAA AGT GGC GCT G 3,212 pMYB292
MYO263 CAA CCA AAC CGA ACA CGC CGC CAG CCA C

LAdj 1 MYO264 GCG GGA CAG AGC ATC TCG GTT GAG ATC G 3,430 pPMYB286
MYO265 GCC AGG GTC CGC AAC GCA CCT TGG AAG

LAdj 2 MYO254 GCT TCC ATG CCC AGG CCC TTC GTC CTT C 3,416 pMYB282
MYO255 CGG ATT GGC AGC TGC TCT GAC ACA GCC TC

LAdj 3 MYO256 TGG AGG CTG TGT CAG AGC AGC TGC CAA TC 3,269 pMYB284
MYO257 GGT ACC GGT GGT CAT GTC CGG ACG GAA TC

Ctrll 1 MYO189 GGT CTT GAG GTT CGT GAG GTG GTC GGT GC 3,141 pMYB242
MYO190 TCC CAC TTG TCG TGG ATG TCG TCG TCT

Ctrll 2 MYO191 GGG AAG ACG ACG ACA TCC ACG ACA AGT GG 3,048 pMYB244
MYO192 CAA CAC AGG ACG GGA TTC ATG CCC ACA GC

Ctrll 3 MYO193 CTG TGG GCA TGA ATC CCG TCC TGT GTT GG 3,320 pPMYB246
MYO194 GAT CGC CGT CGG CGT TGA ACC TTG TCA GG

Ctrl2 1 MYO240 GCC GTT GTA CGT CAG TAG ACG AGT TCT TC 3,350 pMYB270
MYO271 CGG ACA GTA CTC TTC GAC CCG TAC ATC AC

Ctrl2 2 MYO242 GGG TGA TGT ACG GGT CGA AGA GTA CTG TC 3,589 pMYB272
MYO243 GAA CGC TTC CCT GCG TTC GTG GTC TGA G

Ctrl2 3 MYO244 CCA GAA GCC CTA CAC CTC AGA CCA CGA AC 3,142 pMYB274
MYO245 CCC AAG GCG ACC ACA TGT CCT CAC TGC TG

“ The forward primer is listed first.

a TOPO TA cloning kit (Invitrogen) according to the manufacturer’s instruc-
tions, producing pMYB236 and pMYB238. Five micrograms of each plasmid
DNA was combined and digested with 10 U of three frequently cutting restric-
tion enzymes (Alul, Banl, and Sau3AIT) overnight to obtain fragment sizes rang-
ing from 75 to 150 bp. The DNA was purified by phenol-chloroform extraction,
concentrated by ethanol precipitation, and resuspended in 20 pl of a solution
containing 10 mM Tris-HCI (pH 8.0) and 0.1 mM EDTA. DNA was denatured
by incubation at 94°C for 5 min, immediately placed on ice, and then labeled with
modified nucleotide FluoroLink Cy3-dCTP (Amersham) by an oligonucleotide
tailing method. A reaction using a mixture containing 135 uM dCTP, 67.5 pM
Cy3-dCTP, and 60 U of terminal deoxynucleotide transferase (TdT) in 1X TdT
buffer (Promega) was carried out for 2 h at 37°C. The same reaction was carried
out for probes labeled with digoxigenin-11-2'-dUTP (Roche Molecular Bio-
chemicals) except that 180 pM dCTP and 20 pM digoxigenin-11-2'-dUTP were
used. Proteins and free nucleotides were then removed using a QIAquick nu-
cleotide removal kit (Qiagen) according to the manufacturer’s instructions, fol-
lowed by concentration by ethanol precipitation. The DNA pellet was then
resuspended in a suitable volume of TE (10 mM Tris-HCI [pH 8.0], 1 mM
EDTA) to give a probe concentration of 200 ng/ul. Labeled probes can be stored
at —20°C for 2 to 4 weeks without detectable loss in labeling efficiency. The same
method was used for the preparation of the TIR, LAdj, Ctrll, and Ctrl2 probes
except that different primers were used (Table 1).

FISH procedure. S. coelicolor strain J1508 (hisAI uraAl strAl pgINF, SCP2
negative [21]) was used in all FISH experiments because of the low level of

fluorescence emitted by this strain (31). Liquid yeast extract-malt extract
(YEME) medium (25 ml) supplemented with 50 ug of histidine per ml and 7.5
pg of uracil per ml (19) was inoculated with 50 ul of an S. coelicolor J1508 spore
suspension and incubated at 30°C with vigorous shaking for 40 to 45 h (optical
density at 600 nm, ~0.7). Formaldehyde was added directly to the culture to a
final concentration of 3.7% (vol/vol), and cells were fixed at room temperature
for 45 min. Cells were harvested by centrifugation at 3,000 X g for 10 min at room
temperature and washed three times in an equal volume of phosphate-buffered
saline (PBS; 140 mM NaCl, 3 mM KCI, 8 mM Na,HPO,, 1.5 mM KH,PO, [pH
7.4]). Cells were resuspended in 2.5 ml of PBS and used immediately or stored
at 4°C overnight for use the next day.

One milliliter of cells was spun down, resuspended in 1 ml of GTE (50 mM
glucose, 20 mM Tris-HCI [pH 7.5], 10 mM EDTA) and divided into five tubes.
To each tube, lysozyme stock solution and GTE buffer were added to give a final
concentration of 0.625, 1.25, 2.5, 5, or 10 mg of lysozyme per ml, and the tubes
were incubated at room temperature for 10 min. Multiple lysozyme concentra-
tions were used due to the observed variability in the optimal lysozyme concen-
tration needed from experiment to experiment. Cells were then washed three
times with 1 ml of GTE, spun down in a microcentrifuge at 2,000 X g for 2 min
each time to collect the cells, and resuspended in 1 to 5 ml of GTE to give an
optimal cell density. A 15-well multitest slide (ICN) was coated with poly-L-lysine
by adding a drop of a 0.1% (wt/vol) poly-L-lysine solution (Sigma) into each well,
left untouched for 2 min, washed with water, and then air dried completely. Ten
microliters of cells from each lysozyme treatment was then pipetted into a well
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and incubated for 10 min at room temperature. Excess cells were removed by
aspiration, and a drop of GTE was added to each well, followed by aspiration to
remove loose cells. Dehydration, prehybridization, hybridization, and subsequent
wash steps were performed according to the method described in the work of
Jensen and Shapiro (22). For slides containing only fluorescent-nucleotide-la-
beled probes, the slides were mounted in ProLong Antifade (Molecular Probes)
according to the manufacturer’s instructions. For slides containing digoxigenin-
labeled probes, blocking buffer (2% bovine serum albumin in PBS) was added to
each well and the slides were incubated for 15 min at room temperature. The
blocking buffer was then replaced with 2 pg of anti-digoxigenin-fluorescein Fab
fragments (Roche Biochemicals) per ml in blocking buffer and incubated for 2 h
at room temperature in a humidifying chamber. After antibody binding, the slide
was washed twice in PBS for 5 min each time at room temperature. The slide was
then mounted in ProLong Antifade as described above.

For slide observation and fluorescent-micrograph preparation, we used an
Olympus BX60 microscope equipped with a MicroMax cooled-charge-coupled-
device camera (Princeton Instruments) connected to an IBM personal computer
running MetaMorph software version 3.0 (Universal Imaging). A UPlan Fluorite
phase-contrast 100X objective was used for both slide observation and photog-
raphy. A 2-s exposure was used for the collection of fluorescent images, except
when DAPI (4',6’-diamidino-2-phenylindole) was used, in which case a 0.05-s
exposure was used. For the bright-field images, a 0.05-s exposure was used.
Adobe Photoshop 5.0 was used for all image manipulation.

Coincident-frequency determination. The coincident frequencies for the two
types of signals in double-label FISH experiments were determined as follows.
To avoid bias, the fluorescent micrographs obtained for the different probes were
analyzed independently. Using Adobe Photoshop 5.0, a circle with a 0.46-pm
diameter was generated and manually placed on top of each fluorescent focus
centered around the central position. The images of the painted circles thus
generated, representing the locations of the fluorescent foci from the different
channels, were then overlaid. If the two types of painted circles overlapped, they
were considered coincident, and if they did not, they were considered separate.
The coincident frequency is defined as the fraction of one type of circle gener-
ated from one channel overlapping that from the other channel.

Expected coincident frequency for randomly distributed foci. To calculate the
expected coincident frequency if oriC and LAdj signals were to randomly dis-
tribute in cells, the total cellular area and the total coincident area for each type
of foci from eight different fields of cells from a dual-label FISH experiment
involving the oriC and the LAdj probes were determined using the program
MetaMorph 3.0. The coincident area for a single focus was defined as the area
(in pixels) occupied by a circle with a 0.92-um diameter. The total coincident
area for the oriC signals then equals the total number of oriC foci observed in all
eight fields of cells multiplied by the coincident area. The probability that a
randomly distributed LAdj focus would be found coincident with a randomly
distributed oriC focus would then be the total coincident area (oriC) divided by
the total cellular area. Similarly, the probability that a randomly distributed oriC
focus would be found coincident with a randomly distributed LAdj focus would
then be the total coincident area (LAdj) divided by the total cellular area.

RESULTS

Strategy. To investigate whether the ends of the S. coelicolor
chromosome are held together, we performed FISH experi-
ments to look directly at the relative locations of various chro-
mosomal regions within the cell. The S. coelicolor chromosome
is a linear molecule 8 Mb in length with a centrally located
origin of replication (25). The ends of the chromosome consist
of long terminal inverted repeats (TIRs) 27.5 kb in length
(http://www.sanger.ac.uk/Projects/S_coelicolor/). DNA se-
quence available from the S. coelicolor genome project re-
vealed the precise junctions between the TIRs and the adjacent
nonrepeated regions. Accordingly, we designed three hybrid-
ization probes corresponding to (i) the origin of replication
region, (ii) an internal portion of the TIR located 10 bp from
the TIR junction, and (iii) a nonrepeated region close to, but
outside of, the left TIR located 163 bp from the TIR junction.
We refer to these probes as the oriC, TIR, and LAdj probes,
respectively (Fig. 1). All probes were approximately 10 kb in
length.
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FIG. 1. The positions of FISH probes on the S. coelicolor chromo-
some. The replication origin (oriC) is located at the center of the 8-Mb
linear chromosome. Identical sequences (27.5 kb in length) named
TIRs are found at both ends of the chromosome. The locations of the
oriC, TIR, LAdj, Ctrll, and Ctrl2 probes are marked with arrows below
the chromosome. The physical distance between LAdj and TIR is 173
bp, and that between Ctrll and Ctrl2 is 40 bp. Distances shown are not
to scale.

Dual-label FISH experiments involving the TIR and the
LAdj probes make distinct predictions depending upon
whether the ends of the S. coelicolor chromosome are held
together. If the two ends of the chromosome are held together,
there should be equal numbers of TIR and LAdj signals. Also,
a high proportion of TIR signals should be located at or near
an LAdj signal. On the other hand, if the two ends of the
chromosome are not held together, there should be twice as
many TIR signals as LAdj signals. In addition, half of the TIR
signals should have a random location within the cell relative
to the location of LAdj signals. As a control, a dual-label FISH
experiment visualizing two distantly located regions of the
chromosome (oriC and LAdj) was expected to show no signif-
icant association of the two signals.

Separately visualizing oriC, TIR, and LAdj. We first deter-
mined the subcellular localizations of the oriC, TIR, and LAdj
regions individually in single-label FISH experiments. Vegeta-
tively growing cells from a liquid culture of S. coelicolor were
fixed and separately hybridized with the three probes. All three
regions of the chromosome appeared as distinct fluorescent
foci distributed along the length of the multinucleoid filaments
(Fig. 2). In unicellular bacteria the replication origin region
preferentially localizes near the cell poles and the terminus
near the midcell (10, 26, 35). In contrast, we observed no
readily recognizable pattern of focus distribution along the
length of the S. coelicolor filaments with any of the probes. In
S. coelicolor, cell wall growth occurs mostly in the mycelial tips
(11, 31), raising the possibility that the tip region represents the
major site of DNA replication. If so, the mycelial tip regions
might be expected to exhibit a different chromosome organi-
zation than the nontip regions. However, we observed no dif-
ference among the distributions of oriC foci at the tips (Fig. 2C
and D), the branches (Fig. 2B), and the rest of the mycelium
(Fig. 2A). Twin oriC spots (bilobed oriC foci or two oriC foci
closely juxtaposed) (Fig. 2A and D) were found in both the tip
and the nontip regions and exhibited no preferential distribu-
tion to the mycelial tips.

Detection efficiency of the FISH procedure. To determine
the staining efficiencies of our FISH probes, we constructed
two probes, Ctrll and Ctrl2, shown in Fig. 1. Because these two
probes hybridize to two regions of the chromosome immedi-
ately adjacent to each other, the two signals were expected to
colocalize 100% of the time in a dual-label FISH experiment.
The staining efficiencies of the probes were then determined by
looking at the observed coincidence frequencies (data not
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FIG. 2. Single-label FISH experiments showing the subcellular localizations of three chromosomal loci. Cy3-labeled oriC and TIR probes and
the digoxigenin-labeled LAd]j probe were used to detect the subcellular localizations of the replication origin region (A to D), the chromosome
ends (E), and a nonrepeated region adjacent to the left TIR (F) in S. coelicolor substrate mycelia. (A) Internal portion of the mycelium. (B) Branch
region of the mycelium. Green arrows point to branch regions. (C and D) Mycelial tips. White arrows point to twin oriC spots. Scale bar = 1 um.

shown, determined by the method illustrated in Fig. 4 and
described below). The Cy3-labeled probe and digoxigenin-la-
beled probe were found to have 90 and 94% staining efficien-
cies, respectively.

Dual-label FISH experiments. To determine whether the
ends of the chromosomes were located in close proximity to
each other, fixed cells from a liquid culture of S. coelicolor were
hybridized with both a TIR probe and an LAdj probe. As
shown in Fig. 3A to D, approximately equal numbers of TIR
and LAdj signals were observed and most of the TIR signals
were close to or coincident with an LAdj signal. For compar-
ison, a dual-label FISH experiment involving the oriC probe
and the LAdj probe showed little colocalization of the two
fluorescent signals (Fig. 3E to H). Taken together, our data
demonstrate that the terminal regions of the chromosome,
which are 8 Mb apart, colocalize but that regions of the chro-
mosome (oriC and LAdj) that are separated by 4 Mb do not.
These conclusions were confirmed quantitatively as follows.
One complication in our analysis was variability in the size of
FISH signals, which ranged from 0.26 to 0.59 pm in diameter.
To circumvent this problem, we used the Adobe Photoshop 5.0
program to assign to each focus a circle of 0.46 wm in diameter,
representing the average diameter of fluorescent foci (n = 60).
Thus, in Fig. 4, each focus was replaced with a computer-
generated painted circle of constant diameter, centered
around the central position of each fluorescent focus manually.
Using this method, if the centers of two foci were closer than
0.46 pm, as demonstrated by the overlapping of the painted
circles, the foci were considered to be coincident. If not, they
were considered to be separate.

Table 2 shows the results of this analysis starting with the
control (oriC versus LAdj). We observed 47% more oriC sig-
nals than LAdj signals (305 versus 207, respectively). This
excess of oriC signals was probably a simple consequence of the
close proximity of the oriC probe to the site of replication

initiation. In any event, 26% of the oriC signals were coincident
with an LAdj signal and 35% of the LAdj signals were coinci-
dent with an oriC signal. Because the painted foci occupy a
significant fraction of the area of the cell, we estimated the
frequency that any two foci would be found coincident by
chance. By considering the fraction of cellular area occupied by
each type of painted circle (see Materials and Methods), we
estimated that 25% (compare to 26% observed) of the time an
oriC signal would be found to coincide with an LAdj signal by
chance and that 36% (compare to 35% observed) of the time
an LAdj signal would be found to coincide with an oriC signal
by chance. The similarity between the expected colocalization
frequencies of randomly placed foci and experimentally deter-
mined colocalization frequencies is consistent with our inter-
pretation that the relative positioning of the oriC and the LAdj
regions is random.

Next, we analyzed the relative positioning of the TIR and
the LAdj regions. We observed approximately equal numbers
of TIR and LAdj signals (n = 184 and 177, respectively), which
was expected for a chromosome configuration in which the two
termini are held together. Most of the TIR and LAdj signals
were found to colocalize: 86% of the TIR signals coincided
with an LAdj signal, and 89% of the LAdj signals coincided
with a TIR signal. The <100% colocalization was not surpris-
ing because the FISH staining frequency was not 100% as
discussed previously. Thus, 86 and 89% colocalization frequen-
cies observed are out of maximum possible observational val-
ues of 90 and 94%, respectively. Therefore, our data demon-
strated that 95% of the time the two ends of the chromosomes
were found to colocalize under the conditions used.

DISCUSSION

The genetic circularity of the Streptomyces chromosome was
first demonstrated by conjugative mating experiments (13) and
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FIG. 3. (A to D) Dual-label FISH experiment showing the subcellular localizations of the TIRs and the LAdj region in S. coelicolor substrate
mycelia. A Cy3-labeled TIR probe corresponding to both ends of the chromosome and a digoxigenin-labeled LAdj probe corresponding to a
nonrepeated region adjacent to the left TIR were used to detect the localizations of the TIR and the LAdj regions in the same cells. (A)
Fluorescent foci representing the localization of the TIR regions in cells; (B) fluorescent foci representing the localization of the LAdj region in
cells; (C) overlay of panels A and B; (D) bright-field image showing the mycelium. (E to H) Dual-label FISH experiment showing the subcellular
localizations of the oriC region and the LAdj region. A Cy3-labeled oriC probe corresponding to the replication origin regions and a digoxigenin-
labeled LAdj probe corresponding to a nonrepeated region adjacent to the left TIR were used to detect the localizations of the oriC and the LAdj
regions in the same cells. (E) Fluorescent foci representing the localization of the oriC region in cells; (F) fluorescent foci representing the
localization of the LAdj region in cells; (G) overlay of panels A and B; (H) bright-field image showing the mycelium. Scale bar = 1 pum.

later confirmed by heteroclone and protoplast fusion experi-
ments (14, 18). We now know, however, that the chromosome
is a linear molecule with constant ends (24). How do we ex-
plain the apparent paradox between the genetic circularity and
the physical linearity of the Streptomyces chromosome? One
possible explanation proposed by Stahl and Steinberg (32) is
that a linear genome gives rise to a circular genetic map if the
genome is restricted to even numbers of crossovers. Wang et
al. (34) tested the applicability of this explanation to the Strep-
tomyces chromosome by carrying out plasmid-mediated inter-
species matings and demonstrated a strong bias towards even
numbers of crossovers. To explain the observed bias towards
even numbers of crossovers, they proposed several hypotheses:
the merozygotic nature of the conjugative mating process, the

association of the chromosomal termini, the selective advan-
tage conferred by the inheritance of telomeres from the same
parent, and the homogenization of telomeres in the progeny.
Wang et al. (34) discounted the last two hypotheses on the
grounds that, in the matings performed, two of the progeny
recovered were found to have inherited one telomere from
each parent. These two progeny exhibited no growth disadvan-
tage compared to that of their wild-type parents, and homog-
enization of the telomeres was not observed even after exten-
sive subculturing.

Two possible explanations remained for the observed bias
towards even numbers of crossovers: (i) the chromosome is
linear and Streptomyces mating is merozygotic in nature and
(ii) the chromosome adopts a circular configuration through
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FIG. 4. Method for quantitative analysis of the relative positioning
of various chromosomal sites. (A and B) Fluorescent foci representing
the localizations of the TIR and the LAdj regions, respectively. (C and
D) A computer-generated colored circle 0.46 um in diameter was
painted on top of each fluorescent focus centered around the central
position of the focus to delineate an area considered the coincident
range. Painting of the colored circles was performed entirely indepen-
dently for each channel. (E) Overlay of the circles in panels C and D
and bright-field image. If two different colored circles overlap, then
they were considered coincident (arrows). Otherwise, they were con-
sidered separate. Scale bar = 1 pm.

the association of the termini. Conjugative matings in Strepto-
myces are merozygotic in nature; chromosome transfer from
the donor to the recipient is incomplete. For complete haploid
genomes to emerge, even numbers of crossovers would be
required in recombination involving one partial and one com-
plete chromosome, except when an end fragment is involved. If
we assume that recombination involving end fragments is ex-
tremely rare, merozygosity may be able to explain the observed
bias towards even numbers of crossovers even if the chromo-
some adopts a linear configuration in cells. Even numbers of
crossovers would also be necessary for complete haploids to
emerge if the chromosome ends associate and the chromo-
some adopts a circular configuration.

An additional observation, arising from the analysis of het-
eroclones, is the apparent transfer from the donor to the re-
cipient of a linked segment of the genome spanning both ends
of the chromosome. Heteroclones are merodiploid colonies
that arise from a cross. The diploid region of a heteroclone
behaves as a continuous segment of the genome. When the
diploid regions from different classes of heteroclones were
analyzed, they were found to overlap, covering the entire chro-
mosome. In more than 10% of the heteroclones analyzed, the
diploid regions were found to include both ends of the chro-
mosome. Therefore, the hypothesis that Streptomyces chromo-
somes are linear molecules involved in merozygotic matings is
not readily compatible with the results from the heteroclone
experiments. A circular chromosome configuration, on the
other hand, is compatible with the results of heteroclone anal-
ysis and with the observation of Wang et al. (34), regardless of
whether the matings are merozygotic in nature. On balance,

TABLE 2. Coincident frequecies of the various chromosomal
regions in S. coelicolor cells

Probes used Region % Separate” % Coincident” Total®
oriC and LAdj oriC 74 26 305
LAdj 65 35 207
TIR and LAdj TIR 14 86 184
LAdj 11 89 177

“ Percentage of foci observed belonging to each class.
® Total number of foci observed from eight different fields of cells.
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FIG. 5. Models for chromosome configuration. A circular configu-
ration (A) and an end-to-end-linked chromosome configuration (B)
are shown. Green represents the LAdj region, and red represents the
TIR regions. (C) Model for the generation of a heteroclone chromo-
some as a result of recombination with a circular chromosome as
proposed by Hopwood (15).

then, the simplest explanation for the genetic circularity of the
chromosome is that the chromosome adopts a circular config-
uration through the association of the termini.

The goal of the present work was to test this hypothesis
cytologically. To determine whether the Streptomyces chromo-
some assumes a linear or circular configuration in cells, we
performed FISH experiments determining the locations of the
origin of replication region (oriC), the ends of the chromosome
(TIRs), and a region of the chromosome adjacent to but out-
side of the left TIR (LAdj). Our principal findings are that the
ends of the chromosomes (TIRs) and the LAdj region colo-
calize in an approximately 1:1 ratio but that the oriC region and
the LAdj regions of the chromosome do not to colocalize,
hereby demonstrating that the ends of the Strepfomyces chro-
mosome associate in cells. The association of the chromosomal
termini is consistent with a circular chromosome configuration
(Fig. 5A). A circular chromosome configuration is compatible
with the heteroclone chromosome structure previously pro-
posed by Hopwood (15) (Fig. 5C). It should be noted, however,
that our FISH data, considered alone, are also consistent with
a model in which linear chromosomes are linked to each other
in an end-to-end configuration (Fig. 5B). However, it is difficult
to imagine how this chromosome configuration would be com-
patible with the existence of heteroclones. We therefore favor
the hypothesis that the linear Streptomyces chromosome adopts
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a circular configuration in cells through the association of the
chromosomal termini.

What is the mechanism responsible for holding the ends of
the Streptomyces chromosome together? To date, two types of
chromosome ends have been described for linear prokaryotic
replicons: those consisting of covalently closed hairpin loops
without bound proteins as found in Borrelia chromosomes and
linear plasmids (2, 4) and those consisting of inverted repeats
with covalently attached 5'-terminal proteins as found in all
characterized Streptomyces chromosomes and linear plasmids
(7, 20, 24). Other linear replicons sharing the same character-
istics as those of the linear Streptomyces replicons include the
genomes of certain bacteriophages (e.g., Bacillus subtilis $29,
Escherichia coli PRD1, and Streptococcus pneumoniae HB-3),
the mammalian adenoviruses, and the linear plasmids of plant
and fungal mitochondria (12). The identity of the 5'-terminal
protein of Streptomyces chromosomes is still unknown. In bac-
teriophages and adenoviruses, the genes for the 5'-terminal
proteins have been cloned and the proteins have been shown to
play an essential role in viral DNA replication.

Intriguingly, the circular form of viral DNA molecules had
been found previously in DNA preparations from both $29
and adenoviruses (27, 29). It has been suggested that a protein
factor is responsible for the formation and the maintenance of
the circular form (27, 29). The circular configuration observed
for the Streptomyces linear chromosomes is most likely
achieved by the presence of a protein(s) that is capable of
holding the ends of the chromosome together, as previously
suggested in a number of reports (8, 16, 30). The identities of
the 5'-terminal proteins found on Streptomyces linear plasmids
and chromosomes are currently unknown. Whether the 5'-
terminal protein plays a role in the association of the two
chromosomal ends in Streptomyces remains to be determined.
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ADDENDUM IN PROOF

A recent report describes the cloning of the gene for the 5’
terminal protein of the Streptomyces chromosome (K. Bao and
S. N. Cohen, Genes Dev. 15:1518-1527, 2001).
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