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ABSTRACT The chromosomal DNA of the bacteria Strep-
tomyces ambofaciens DSM40697 is an 8-Mb linear molecule
that ends in terminal inverted repeats (TIRs) of 210 kb. The
sequences of the TIRs are highly variable between the different
linear replicons of Streptomyces (plasmids or chromosomes).
Two spontaneous mutant strains harboring TIRs of 480 and
850 kb were isolated. The TIR polymorphism seen is a result
of the deletion of one chromosomal end and its replacement by
480 or 850 kb of sequence identical to the end of the undeleted
chromosomal arm. Analysis of the wild-type sequences in-
volved in these rearrangements revealed that a recombination
event took place between the two copies of a duplicated DNA
sequence. Each copy was mapped to one chromosomal arm,
outside of the TIR, and encoded a putative alternative sigma
factor. The two ORFs, designated hasR and hasL, were found
to be 99% similar at the nucleotide level. The sequence of the
chimeric regions generated by the recombination showed that
the chromosomal structure of the mutant strains resulted
from homologous recombination events between the two cop-
ies. We suggest that this mechanism of chromosomal arm
replacement contributes to the rapid evolutionary diversifi-
cation of the sequences of the TIR in Streptomyces.

The chromosomal DNA as well as numerous plasmids are
linear in the genus Streptomyces (1-5). They belong to the class
of genetic elements called invertrons, which are characterized
by terminal inverted repeats (TIRs) and a protein covalently
attached to their 5’ ends (6). The length of the TIR is highly
variable, from 44 bp (SLP2 of S. lividans 66) to 180 kb
(pPZG101 of S. rimosus) for the plasmids (7, 8) and from 24
kb (S. griseus) to 550 kb (S. rimosus) for chromosomes (3, 5).

Comparisons of the TIR sequences between different Strep-
tomyces linear replicons revealed similarities only between the
last few tens of bases. This area of similarity represents a very
small fraction of the whole length of the repeated sequences (7,
9-11) and is rich in palindromic sequences that are involved in
the priming of the 5'-terminal DNA segment of the lagging
strand (12-14).

The discrepancy in the size of the TIRs is accompanied by
a high level of sequence polymorphism between the terminal
duplications of the different replicons. Therefore, despite a
very close phylogenetic relationship (15, 16) and a highly
conserved gene order among the S. coelicolor A3(2), S. lividans
66, and S. ambofaciens DSM40697 chromosomes (4, 17), there
is no significant cross-hybridization of their TIR (18, 19).
These data showed that the sequences at the ends of the
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chromosome are subject to a different evolution mechanism
compared with the rest of the chromosome.

The chromosomal ends of Streptomyces are subject to a
particularly high degree of genetic instability. Large-scale
deletions and DNA sequence amplifications are intimately
associated with a high frequency (>1073) of spontaneous
mutations. The deletable region corresponds to the chromo-
somal ends, and the deletions affect either one or both
chromosomal arms. The amplifications most often are adja-
cent to a deletion termini (recently reviewed in refs. 20 and 21).

Here, we describe a new type of chromosomal rearrange-
ment that results from a homologous recombination event and
leads to a homogenization of the terminal sequences. This
event, together with the reports of sequence exchanges be-
tween linear plasmids and chromosomes in Streptomyces (1, 7,
8), suggested to us a mechanism to account for the rapid
evolution of the TIRs.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions. Escherichia coli
Sure (Stratagene) was cultured in Luria—Bertani medium and
used as host strain for genomic libraries construction. E. coli
JM101 and its derivative E. coli IM109 (Stratagene) were used
as a recipient for electroporation and propagation of the M13
mpl8 derivatives. Both were grown in 2xYT liquid medium
(22) and poured as a top layer in Soft-Agar (SA) onto
Hard-Agar (HA) plates (22).

S. ambofaciens was cultured in YEME medium (23) for
pulsed-field gel electrophoresis (PFGE) DNA preparation or
in Hickey-Tresner medium for classical DNA extraction.

DNA Manipulations, Reagents, and Enzymes. Extraction of
total DNA from S. ambofaciens for gene libraries preparation,
extraction of high-molecular-weight genomic DNA, endonu-
clease cleaving in agarose blocks, and separation of the DNA
fragments by PFGE were as reported previously (4). Restric-
tion enzymes and molecular biology reagents were purchased
from New England Biolabs and Boehringer Mannheim.

Restriction fragments were purified from agarose gels by
using the Geneclean procedure (Bio 101).

DNA was labeled with digoxigenin-labeled dUTP, and
hybrids were detected by using the Dig DNA labeling and
detection kit (Boehringer Mannheim).

Gene libraries of mutant strains of S. ambofaciens were
constructed from a BamHI partial digest of the total DNA in

Abbreviations: has, homologous to alternative sigma factor; PFGE,
pulsed-field gel electrophoresis; TIR, terminal inverted repeat; wt,
wild type.

Data deposition: The sequences reported in this paper have been
deposited in the GenBank database (accession nos. AF050150 and
AF050151).

*To whom reprint requests should be addressed. e-mail: leblond@
nancy.inra.fr.
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Supercosl (24), according to the recommendation of the
supplier of the Gigapack III gold encapsidation kit (Strat-
agene). The wild-type (wt) library was constructed previously
(25).

Cosmid DNA, and double-stranded or single-stranded bac-
teriophage M13 derivative DNA were isolated as reported
(22).

DNA Sequencing and Sequence Analysis. Restriction frag-
ments from the sequenced regions were subcloned in the
vector M13 mp18 (Sigma) (26). The dideoxy chain-termination
sequencing method was performed on single-stranded or
double-stranded DNA derived from the vector M13 mp18. The
Sequenase 2.0 kit (United States Biochemical) was used with
both dGTP or its analog, dITP, during the elongation step or
the Taqtrack sequencing system (Promega) with the nucleo-
tide analog 7-deaza-dGTP instead of dGTP in the reaction
mixes. DNA fragments were radioactively labeled with
[*>S]dATP (NEN). The oligonucleotides used as primers were
M13 forward, M13 reverse (Sigma), and an internal region of
the ORFs 5'-CAGGGAGGCGGAGTTGT-3'. The BLAST 2.0
network service (27) and DNA or protein sequences from the
EMBL, GenBank, PIR, and SWISSPROT databases were
used to detect similarities between DNA sequences or poten-
tial protein encoded by these DNA sequences. The SEQPUP
program was used to perform alignment of the DNA se-
quences corresponding to the hasR and hasL regions.

RESULTS

Chromosomal Arm Replacement in Strain NSA135HPP.
This strain, more properly, its ancestor, NSA135H (28), was
isolated previously from genetic instability of S. ambofaciens as
a mutant affected in colony morphology. Its chromosomal
structure results from the deletion of 850 kb of the right
chromosomal end (left and right are according to the map
orientation on Fig. 1) and its replacement by 480 kb of
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sequences identical to the left end, the latter remaining
unaffected by the rearrangement (Fig. 1). Thus, in the Asel
PFGE pattern of the total DNA of this strain, fragments E (850
kb) and G (480 kb, right chromosomal end in the wt strain)
were missing and a new Asel fragment of 960 kb (called NA1
for New Asel fragment 1 on Figs. 1 and 24) was detected. This
fragment, as well as the left-terminal Asel-D fragment of 950
kb, was covalently bound to a protein, as it did not enter a
PFGE gel when the proteinase treatment was omitted of the
DNA preparation (1, 4) (Fig. 2A4). In addition, both fragments
were revealed by cosmid AD91, flanking the ends of the TIR
in the wt strain (4) (Figs. 1 and 2A4). Therefore, the NA1
fragment corresponded to the right extremity of the linear
chromosomal DNA of this strain (Fig. 1).

This fragment resulted from the fusion between the unde-
leted part of Asel-E and the duplicated part of Asel-D. This was
shown by the hybridization of both cosmids 32E1 (from
fragment Asel-E in the wt strain, Fig. 1) and 12AS5 (between
fragments Dral-VI and VII, Fig. 1) DNA onto NA1 (Fig. 24).

As further evidence, the Dral restriction pattern of this
strain was in agreement with the results presented above with
Asel. Thus, Dral-IV fragment (right end in the wt chromo-
some) was the only missing fragment, and the intensity of the
DNA band corresponding to the Dral-VII fragment (left
chromosomal end) was compatible with a doublet (Fig. 2B).
However, it was not possible to distinguish between the Dral-I
fragment of 2,100 kb in the wt strain and the new Dral
fragment (called ND1 for new Dral fragment 1) generated by
this rearrangement, the size of which was estimated to be
approximately 2,060 kb (Figs. 1 and 2B).

By hybridizing ordered overlapping cosmids corresponding
to the Asel-E fragment onto BamHI patterns of total DNA of
strain NSA135HPP, the deletion terminus was localized in
cosmid 25E1 (Fig. 1). The extent of the deletion was estimated
to be approximately 850 kb by adding together the sizes of the
BamHI fragments of ordered overlapping cosmids from the
unstable region of S. ambofaciens DSM40697.

NSA135HPP (
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FiG. 1. Chromosomal arm replacement in strains NSA135HPP and NSAS855. The Asel and Dral restriction maps of the unstable region of the
wt strain DSM40697 are presented in the middle of the figure. The size of the restriction fragments, in kilobases, is given in brackets. Sequences
from the left chromosomal arm are symbolized in dark gray while those from the right arm are in light gray. The 210-kb TIRs of the wt strain appear
as black arrows and the terminal proteins appear as circles. The location of the cosmids is indicated by short, vertical bars. The new TIR size in

the mutants is delimited by dotted lines.
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FiG. 2. (A) Asel restriction patterns of genomic DNA from S. ambofaciens DSM40697 (WT) and NSA135HPP. Running conditions were: 1%
agarose gel, 200 V for 24 h with a ramped pulse time of from 20 to 150 sec for the whole patterns, and 0.9% agarose gel, 200 V for 40 h with a
ramped pulse time of from 80 to 100 sec for the specific separation of the NA1 fragment (960 kb) and Asel-D (950 kb). Fragments were lettered
according to the chromosome map (4). NA1 indicates the localization of the new Asel fragment; + and — represent pronase-treated and
pronase-untreated samples of DNA, respectively. AD91, 12AS5, and 32E1 indicate Southern blots of the pronase-treated lanes probed with the
respective labeled cosmid DNA. (B) Dral restriction patterns of genomic DNA from S. ambofaciens DSM40697 (WT) and NSA135HPP. Running
conditions were: 1% agarose gel, 200 V for 24 h with a ramped pulse time of from 20 to 150 sec. The high-molecular-weight fragments were slightly
degraded in the wt genomic DNA. ND1 indicates the localization of the new Dral fragment in NSA135HPP; the faint additional bands in the pattern

are a result of partial digests.

The junction between the deletion terminus and the dupli-
cated DNA was isolated in cosmid 8D (Fig. 1) from a gene
library of the strain NSA135HPP. The region of the left
chromosomal arm, corresponding to the boundary of the DNA
segment duplicated on the right arm, similarly was isolated in
cosmid 9A (Fig. 1). The BamHI map of these loci was
constructed by ordering overlapping cosmids from the gene
library and was compared with the map of the corresponding
regions in the wt strain. The DNA rearrangement involved a
single BamHI fragment on each chromosomal arm (14.2 kb
from cosmid 25E1 and 17.5 kb from cosmid 14C4) to give a
fusion BamHI fragment of 19.5 kb in cosmid 8D. No other
change in the BamHI map was detected on either side of the
junction nor on the undeleted arm (region of cosmid 9A).

Chromosomal Arm Replacement in Strain NSA855. This
strain was subcloned from the phenotypically heterogeneous
progeny of the pigment-defective mutant NSA854, which arose
from genetic instability of the wt strain (28).

Conversely to the chromosomal structure of NSA135HPP,
in strain NSAS855, the left chromosomal arm is deleted for
terminal 480 kb while 850 kb of the right end (corresponding
to the deleted area in NSA135HPP) was duplicated and fused
to the deletion terminus on the left arm (Fig. 1). Thus, the Asel
restriction pattern showed that the Asel-D fragment (left end)
was the only missing band while a new Asel fragment of
approximately 860 kb, NA2, was detected (Figs. 1 and 34). In
addition, the intensity of the band corresponding to the Asel-G
fragment (right end) was compatible with a doublet. This was
also the only band of the pattern that remained trapped in the
well in the proteinase-untreated assays and that hybridized
with the wt terminal sequences (AD91 cosmid DNA, Fig. 34).
So, the Asel-G fragment was duplicated and lay at both
chromosomal ends (Fig. 1).

This structure was confirmed by the analysis of the Dral
pattern. Fragments VI (420 kb) and VII (400 kb) were missing,
and a new fragment of 450 kb was detected (ND2 in Fig. 3B).
The terminal Dral-1V fragment showed double intensity com-
pared with the wt pattern, as described above for the terminal
Asel-G fragment. The hybridization with the Dral linking
clone 11D6 (between fragments IV and I in the wt strain, Fig.
1) revealed the ND2 fragment (Fig. 3B), demonstrating that

sequences from the right chromosomal arm were duplicated on
the left chromosomal arm.

Using as probes ordered cosmids overlapping the Asel-D
fragment, the deletion terminus was localized in cosmid 14C4
(Fig. 1). The junction of the rearrangement was isolated by
using a gene library of strain NSA855 in a BamHI fragment of
11.9 kb cloned in cosmid F1 (Fig. 1). This fragment was
homologous to both BamHI fragments of 17.5 kb of cosmid
14C4 and 14.2 kb of cosmid 25E1. Therefore, the chromosomal
rearrangement characterized in strain NSAS855 involved the
same BamHI fragments as in NSA135HPP. No other differ-
ence was detected on either chromosomal arm when compared
with the corresponding wt BamHI map.

A Duplicated Gene as a Substrate for Homologous Recom-
bination. To permit a more precise characterization of the
rearrangements and to elucidate the mechanism of the chro-
mosomal arm replacement, the nucleotide sequence of the
duplication—deletion junctions was determined in both mutant
strains and compared with the corresponding wt regions.

A total of 1,180 and 1,115 nt were sequenced from the wt
regions surrounding the deletion termini on the right and left
chromosomal arm, respectively. An ORF was identified on
each arm by using the program FRAMEPLOT 2.1 (29). The two
DNA-coding sequences contained a G+C percentage of 69
and were 99% similar to each other. The deduced protein
sequences also showed 99% identity (Fig. 4). Database
searches using the BLAST 2.0 service (27) showed that they
presented 64% of identity with the product of the gene crtS, a
o factor necessary for carotenoid biosynthesis in S. setonii (30).
High similarities (47%) also were found with the products of
the gene sigF, which controls the late steps of sporulation in S.
coelicolor or S. aureofaciens (31). The similarities are partic-
ularly striking within the regions 2.4 (100% with crtS and 73%
with sigF') and within the region 4.2 (62.5% with crtS and sigF),
which are involved in the recognition of the —10 and —35
regions of promoters of the genes, respectively (32) (Fig. 4). So,
these ORFs were designated homologous to alternative sigma
factor (has) and R and L for right and left chromosomal arm,
respectively.

The ORFs, hasR and hasL, differ only by 1 nt in the 5" and
5 nt in the 3’ coding regions (Fig. 4). These nucleotide
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F1G.3. (A) Asel restriction patterns of genomic DNA from S. ambofaciens DSM40697 (WT) and NSAS855. Running conditions were: 1% agarose
gel, 200 V for 24 h with a ramped pulse time of from 20 to 130 sec for the first three lanes; 0.9% agarose gel, 200 V for 40 h with a ramped pulse
time of from 80 to 100 sec for the specific separation of the NA2 fragment (860 kb) and Asel-E (850 kb); and, finally, 1% agarose gel, 200 V for

24 h with a ramped pulse time of from 40 to 160 sec for the last lane. Symbols +, —,

and ADO1 are as described in Fig. 2. The large fragments

in the pronase-untreated lane are slightly degraded. (B) Dral restriction patterns of genomic DNA of S. ambofaciens DSM40697 (WT) and NSA855.
Running conditions were: 1% agarose gel, 200 V for 23 h with a ramped pulse time of from 40 to 90 sec. 11D6 indicates Southern blots of the NSA855
pattern probed with labeled 11D6 cosmid DNA. The absence of a hybridization signal on the Dral-I fragment (2,100 kb) is explained by the fact
that most of the very large fragments were not transferred to the membrane.

differences correspond to nonconservative substitutions as 4
aa differed between the two putative products (Fig. 4). There
are 5 potential translation initiation codons (ATG or GTG) at
positions 1, 10, 46, 55, and 73. The localization of a potential
ribosome-binding site (RBS), GGAGG, 10 bp upstream of the
first putative ATG codon supports its functionality, as the
distance from the initiation codon ranges from 5 to 12 bp in
Streptomyces (33). However, the most downstream GTG codon
(position 73) could also be used as the translation initiation
codon as there is a sequence 10 bp upstream (GGA) that could
also act as an RBS. The ORF terminated at a TGA codon at
position 846, encoding a putative 281- or 257-residue polypep-

met ala thr met thr ala arg ile thr glu his thr thr thr gly met pro glu val ala
1 ATG GCG ACG ATG ACC GCA CGG ATC ACC GAG CAC ACC ACC ACG GGC ATG CCG GAG GTG GCG
]

9gly

asp pro ser lys val ala pro lys asp ala arg glu leu ser lys leu phe phe gln gln
61 GAC CCG TCC AAG GTG GCG CCC AAG GAC GCG CGG GAG TTG TCG AAG CTC TTC TTC CAG CAG

leu ser val leu glu glu gly thr pro glu tyr gln tyr ala arg asn thr leu ile glu
121 CTG TCG GTC CTC GAA GAG GGC ACA CCC GAA TAC CAG TAC GCG CGC AAC ACG CTG ATC GAG

met asn met ser leu val arg phe ala ala gly arg phe arg ser arg gly pro glu glu
181 ATG AAC ATG TCC CTG GTC CGC TTC GCG GCC GGC CGC TTC CGC AGC CGC GGA CCG GAG GAG

met glu asp ile val gln val gly met ile gly leu ile lys ala ile asp arg phe glu
241 ATG GAG GAC ATC GTC CAG GTC GGC ATG ATC GGC CTG ATC AMG GCC ATC GAC CGG TTC GAG

leu thr arg glu val glu phe thr ser phe ala val pro tyr ile val gly glu ile lys
301 CTC ACC CGC GAG GTC GAG TTC ACC TCC TTC GCC GTG CCC TAC ATC GTC GGC GAG ATC AAG

arg phe phe arg asp thr ser trp ala val his val pro arg arg leu gln glu ala arg
361 CGG TTC TTC CGT GAC ACC TCC TGG GCC GTC CAC GTG CCC CGC CGC CTC CAG GAG GCC CGC

val gln leu ala arg ala thr glu glu leu arg ser arg leu gly arg asn pro thr thr
421 GTC CAG CTG GCC CGG GCC ACC GAG GAG CTG CGC AGC CGG CTG GGC CGC AAC CCC ACC ACC

lys glu leu ser glu leu met ser leu pro glu asp glu val val glu ala arg leu ala
481 AAG GAA CTG TCC GAG CTG ATG AGC CTG CCG GAG GAC GAG GTC GTC GAG GCC CGC CTG GCG
ala asn gly tyr asn ser ala ser leu asp ala ala ile ser gly ser glu asp gly glu
541 GCC AAC GGC TAC AAC TCC GCC TCC CTG GAC GCG GCC ATC AGC GGC AGC GAG GAC GGC GAG
ser ala leu ala asp phe ile gly ala asp asp ala thr leu ala leu val asp asp phe
601 TCC GCC QTG GOCC GAC TTC ATC GGC GCC GAC GAC GCC ACC CTC GCC CTG GTG GAC GAC TTC
his ala leu ala pro met ile ala glu leu asp glu arg asp arg gln ile ile his trp
661 CAC GCG CTC GCC CCG ATG ATC GCC GAG CTC GAC GAG CGC GAC CGT CAG ATC ATC CAC TGG

arg phe val glu glu leu thr gln lys asp ile gly glu arg leu gly val ser gln met
721 CGG TTC GTG GAG GAG CTC ACC CAG AAG GAC ATC GGC GAG CGC C_GGC GTC_TCC CAG ATG

his val ser arg leu ile ser arg leu leu ala arg leu arg glu gly met leu thr asp

781 CAC GIC TCC CGG CTG ATC TCG CGC CTG CTG GCC CG! IG CGC GAA GGC ATG CTC ACC GAC
G ca

ser ala

his *
841 CAC TGA

ac

ala

FiG. 4. DNA nucleotide sequence and the deduced amino acid
sequence of hasR. Nucleotide and amino acid differences in hasL are
shown in bold. The conserved regions 2.4 (positions 342-408) and 4.2
(positions 727-822) are underlined. The translational stop codon is
indicated by an asterisk.

tide depending on the position of the start codon used. The
transcriptional orientation of the duplicated genes sasR and
hasL is divergent from the ends of the chromosome (Fig. 5).

No sequence similarity was detected between the 3’ regions
of hasR and hasL (139 nt downstream from the stop codon
TGA were compared). In the 5" regions, 130 nt upstream from
the ATG start codon were aligned. The similarities detected
are limited to the area of the RBS.

In strain NSA135HPP, the chimeric region was sequenced
(1,073 nt) and compared with the wt sequences. The hybrid
OREF, called has135, is identical to hasL in the 5’ coding region
(Gly-7, Fig. 4) and to hasR in the coding terminus region
(Thr-279, Asp-280, and His-281, Fig. 4). The 127 nt from the
3’ region of hasI35 (i.e., the region proximal to the middle of
the chromosome) also were identical to the corresponding
region of hasR. However, the 100 nt in the 5" region of has135
(i.e., on the side of the chromosomal ends) were completely
identical to the 5" region of hasL. This demonstrates that the
chromosomal arm replacement in strain NSA135HPP resulted
from homologous recombination between the identical parts
of hasR and hasL.

The reciprocal situation was found in strain NSA855. A total
of 1,312 nt were sequenced on the left chromosomal arm, at the
deletion—duplication junction. The hybrid ORF characterized
at this point (has855) was identical to hasR in the 5’ part of the
gene and to hasL in the 3’ part. The 383 nt of the 3’ region
downstream to has855 were identical to the 3" part of hasL
(Fig. 5). However, the 5’ region of has855 presented the same
sequence as the corresponding region of hasR (87 nt com-
pared).

DISCUSSION

The linear chromosomal DNA of the wt strain S. ambofaciens
DSM40697 ends in TIRs of 210 kb (4). In the mutant strain
NSA135HPP, a deletion of the terminal 850 kb was found on
one chromosomal arm while 480 kb of sequence identical to
the end of the other arm were duplicated and fused at the
deletion terminus. The new TIR generated by this deletion—
duplication event corresponded to the duplicated 480 kb of
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F1G. 5. Sister chromosome exchange in S. ambofaciens DSM40697. The left and right chromosomal arms are shown in dark and light gray,
respectively; the TIRs of the wt strain are shown as thick, black arrows. The transcriptional orientation is defined by the thin arrow. Both reciprocal
products of the recombination correspond to the chromosomal structure of strains NSA135HPP (left product) and NSAS855 (right product). The

new TIRs are delimited by dotted lines.

DNA since the undeleted arm has retained its wild-type
structure (Fig. 1).

Conversely, in strain NSA855, the terminal 850 kb, corre-
sponding to the deleted area in NSA135HPP, were duplicated
and fused to the deletion terminus on the other arm (which was
deleted of its terminal 480 kb corresponding to the translo-
cated DNA in NSA135HPP). So, in strain NSAS855, TIRs of
850 kb were generated by this event. The deletion contained
sequences from the left chromosomal arm while the right one
was not affected. This situation was unexpected because,
usually, fragments from the left arm were only deleted when
fragments Asel-G and E, from the right arm, were already
deleted (28, 34).

The simplest hypothesis to account for these rearrangements
is a sister chromosome exchange resulting from a single,
nonallelic crossover between the two copies of the has gene
(Fig. 5). The presence of numerous copies of the chromosome
within the same article of the Streptomyces mycelium could
favor interchromosomal recombination. Moreover, an addi-
tional crossing-over within the wt 210 kb TIR between these
sister chromosomes would pass unnoticed and would generate
the same products.

However, as both strains were isolated independently, each
of the two chromosomal structures results from independent
crossovers. Each of these crossovers could correspond either to
a half-exchange generating only one of the two reciprocal
structures or to a full exchange, which would have formed both
structures at the same time (35). In this case, for each crossover
only one of the two chromosomal structures would have been
isolated.

Alternatively, a mechanism involving repair of a double-
strand break cannot be ruled out. A recombinogenic free end
within one copy of the has gene could invade the homologue
and initiate a replication fork. The homologue used as sub-
strate could be located either on the same or on another copy
of the chromosome. If this replication proceeds until the end
of the chromosome, it will lead to the duplication of the
unbroken arm, in a way similar to the “copy break” duplication
described in yeast (36). However, this mechanism implies
unscheduled replication over hundreds of kilobases (e.g., 850
kb in strain NSA855) and terminal protein recruitment at the
5" end.

In any case, both mechanisms involve homologous recom-
bination. The 817-bp region of perfect identity between hasL
and hasR is sufficient to promote homologous recombination
since it requires at least 200 bp of identity in Streptomyces (37).
Until now, chromosomal instability in Streptomyces was
thought to result from illegitimate recombination (38). Here
we show the implication of homologous recombination in the
formation of large chromosomal deletion.

The sequence similarity between hasR and hasL is quite
striking. Gene families are not a prominent feature of bacterial

genetics but other examples of nearly identical copies of a gene,
on distinct chromosomal loci, have been documented. This
includes tufA and tufB (39, 40) or gadA and gadB in E. coli (41).
Comparison of hasR and hasL sequences showed that the 6 nt
that were different were clustered in the 5’ and 3’ coding
regions of the genes. This also was true for the differences
between the pairs of genes tufA, tufB and gadA, gadB. In
Salmonella typhimurium, sequence information are transferred
between fuf4 and tufB by gene conversion (42). The authors
proposed that a mechanism of sister chromosome reciprocal
exchange and segregation of the products in different cells
could account for the high nucleotide similarities between the
two genes. The high level of identity between the has gene
could also be a result of sequence transfer. The nonallelic
recombination described here shows that recombination be-
tween the two copies is possible.

Chromosomal arm replacement also altered the position of
the replication origin compared with its balanced central
location in the wt chromosome (Fig. 5) (25, 43). This situation
is reminiscent of the chromosomal organization of S. rimosus
where the dnaA region is asymmetrically located on the
chromosome (from 34 to 44% of the chromosome from one
end) and the TIR of 550 kb were the longest previously
reported (5).

In addition, exchanges of DNA ends between the linear
plasmid and chromosome via a single illegitimate recombina-
tion event were characterized (8, 44). These recombination
events led to the formation of a hybrid chromosome with two
different ends. However, all Streptomyces linear replicons are
characterized by identical sequences in inverted orientation at
their termini (6). The TIRs are highly polymorphic among
linear replicons of Streptomyces, indicative of a dynamic turn-
over to such a degree that the selected character would be the
presence of the repeated structure itself rather than the
sequences. Thus, the universal presence of TIR supports the
existence of a biological function for such a structure in nature.
One explanation could be that the TIRs promote a strong
interaction between the two ends as hypothesized by the
racket-frame model (6). In addition, while the chromosomal
DNA was shown to be physically linear, the circularity of the
genetic map in several Streptomyces species supports this model
(45, 46). In natural isolates, hybrid chromosomes might be
selected against because of the lacking interaction between
DNA ends.

The chromosomal arm replacement described here is a
mechanism leading to the creation of new TIRs. One can
speculate that this mechanism could re-form TIRs from a
hybrid chromosome. Such a mechanism would provide an
explanation of the structure of the TIR in S. lividans 66, where
only the terminal 16 kb of the 25-kb TIRs are identical to one
end of SLP2 (1). An ancestral exchange of ends between SLP2
and the chromosome would have generated a hybrid chromo-
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some with two different ends. Subsequently, the terminal
sequences on both chromosomal arms would have become the
same via chromosomal arm replacement. This would have
involved a DNA segment of 25 kb, larger than the 16 kb
originating from the plasmid.

This mechanism would imply the duplication of sequences
originating from one chromosomal arm onto the other. The
presence of the catA gene in each copy of the TIR of S.
coelicolor M145 (47) strongly suggests a duplication of a DNA
segment that could have arisen by the mechanism described
above. Another example is seen in strain NSA855, where the
polyketide synthase gene localized on the Asel-E fragment in
the wt strain (48) is duplicated within the new TIR of 850 kb.

Finally, large chromosomal rearrangements have evolution-
ary implications on the organization of the bacterial chromo-
some (35). The plasticity of the DNA ends may be a general
feature of the linear replicons. The exchange of telomeric
regions also was described in the bacteria Borrelia and Rhodo-
coccus (49, 50), and in eukaryotes, numerous examples suggest
that the sequestering of the telomere regions would allow this
genomic domain to be plastic relative to the rest of the
chromosomes (51). In Streptomyces, the plasticity of the ends
of the linear replicons, associated to the horizontal transfer of
genetic information (conjugative plasmids and chromosome
transfer), could be seen as a rapid evolutionary diversification
system.
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