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Summary - -  Recent progress in the understanding of the chromosomal rearrangements in Streptomyces has allowed us to envisage the 
possible involvement of genetic instability in the ewdtaion of the chromosomal structure. The characterizalion of recombinatioual events in 
the terminal parts of the S ambofaciens chromosome, as well as the observation by other groups thai linear plasmids and chrolnosomes are 
able to interact, would provide an explanation for the very high levels of polymorphism seen in the terminal inverted repeats of different 
strains of Stt~,ptomyces. 

Streptomyees /genetic instability / chromosomal rearrangements 

Genetic instability in Streptomyces 

Bacteria belonging to the genus Streptomyces exhibit a very 
high degree of genetic instability, which was defined as the 
appearance of spontaneous mutations with fi'equencies 
higher than 10--~. Early observations revealed that this in- 
stability was confined to particular stages of the Str~Tm,- 
myces cycle of development [ I ]. On solid medium, spores 
gerofinate to forln the vegetative myeelinm which pro&ices 
aerial hyphac its nutrients become limiting. Then the grow- 
ing mycelium subdivides by septation into many comparl- 
lnents dest ined to bcconle spores.  The secondary 
metabolism, associated to the late stages of differentiation, 
is of considerable industrial importance in particular lbr the 
production of antibiotics. When grown in liquid culture, the 
synthesis of these metabolites is concomitant with the onset 
of the stationary phase [2]. Most phenotypic characteristics 
involved in differentiation and expression of secondary ,ne- 
tabolism are genetically unstable, whilst only few trait.,, of 
the primary metabolism are affected. Hence, genetic insta- 
bility affects specific genes indicating that this phenomenon 
is positionally localized. At first it was not known if the 
genes affected by the genetic instability were located on the 
chromosome or associated with plasmids. The increase in 
the mutation rates after treatment with plasmid-curing agents 
was initially interpreted as the loss of plasmid born characters 
13, 4]. However, several unstable traits were unaInbiguously 

*Correspondence and reprints 
Abbreviations: AUD, amplifiable unit of DNA: DNA, deoxyribo- 
nucleic acid; kb. kilobases; Mb. inegabase; PFGE, pulsed-field gel 
electrophoresis: TIR, terminal inverted repeat; W'I; wild type. 

mapped to the chromosonte. Later, the appearance of muta- 
tions was correlated with the t~currcnce of gross chromo- 
somal rearrangements such as large scale deletions and 
amplifications of particular sequences called AUD (amplifi- 
able unit of DNA) I5-71. Mote recently, the develop- ment of 
the pulsed-field gel electrophoresis (PFGE) technique has 
allowed these rearrangements to be assigned to a particular 
region of the chromosolne called the unstable region 18.91. 

Chromosomal structure in natural enviromnents 

Physical mapping experiments revealed that the unstable 
region corresponded to both ends of the linear chromosomal 
DNA 19, 10]. Chromosomal linearity was tirst reported in 
S livMans by Lin et al [ I 11. At present, all WT Streptomyves 
strains where the chromosomal structure is known have a 
linear DNA molecule of approximately 8 Mb containing 
TIRs (terminal inverted repeat) and proteins covalently 
bound to the ends [10--141. In S ambofiwiens, the physic.'d 
mapping of three geographic isolates was achieved by oro 
define the Asel restriction fragments resolved by PFGE. 
The two terminal AseI-fraglnents exhibited a retarded PFGE 
mobility when proteinase treatment was omitted, demon- 
strating that proteins were covalently bound to both ol'them. 
Repeated sequences present at both ends of the chromosome 
were rnapped as long TIRs stretching over 210 kb and 
cloned ,'ts eight overlapping cosmids. The deletable region 
of S ambofaciens was localized at the chromosomal ends 
(fig I ) 110]. 'lb investigate the hypothetical relationship be- 
tween chromosolnal linearity and genetic instability, the 
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Fig 2. Schematic represcmation of the chromosomal rearrange- 
meats in S ambofm!ielts DSM40697. The left and right clwumoso- 
real extremities (according to the figure oriemation) are drawn in 
light-gray and white, respectively, whilst the TIRs are represented 
as black arrows. The sizes of the TIRs are indicated. Dotted lines 
symbolized Ihe deleted sequences. 

Fill I. Structural organization of the chromosome of S amlnJfaciens 
DSM40967. The As¢l fragments are letter~,xl according tu Leblond 
et al [ 101, The localization of oriC (doned arrow), the transcrip- 
tional orientation of the rrn operons tsymholized by a black flag, 
nt~ 0ere'trained for rrnCl) as well as the localization of lhe nnslable 
region (~)abl¢ arrow) are according to Berger et at 1251. The TIRs 
are ~presented by light-gray ~ ¢ s  at the estremitics of ~he AseioG 
aml ,D fragmems. 

cheomosomal structure of mutant strains which had arise,i 
h~ genetic instahility was studied, 

Alterations of the chromosomal structure a,~)ciated 
to lenetie Instability 

DitTe~nt types of chromosomal structure were identi fled in 
mutant strains selected under laboratory conditions, In tbe 
first g ~ p ,  ~le | ions  internal to one chromosomal arm were 
characterized using PFGE and ~ u e n c e s  cloned lix~m the 
unstable region, In two strains analyzed, the deletion termi- 
nius were found to be within the same chromosomal arm 
leaving a linear DNA structure ending in TIRs, in both 
ea~s, one deletion ternfinus mapped within the TIR. This 
resulted in the shortening of  the TIRs, from 210 kb in the 
WT strain, to ~pproximatdy 100 kb in one stalin and 201) 
kb i n t ~  t~her t~fig 2), This shortening was not due to the 
~ g r a d a t ~  from one e ~  or the chromosome but to a rec- 
ombination event hetwecn two points within the same chro- 
m o s o ~  arm 1151, This case is similar to the de~ription of 
S l¢lmtccscots where an internal deletion of 32.6 kb lay in 
a region cloned in overlapping cosmids 1161, However, the 

chromosomal structure of this species was not described. 
These deletion events demonstrated that the chromosomal 
ends are not directly implicated in the tbrmation of the dele- 
tion. 

A second group of mutants was characterized by a dele- 
tion encompassing the entire TIRs on both chromosomal 
re'ms, In each of the four cases analyzed, the deletion was 
approxi,nately 21)00 kb, Tile chromosome of these strains, 
shown to he circularized as a junction fragment, homolo- 
gous to sequences originaliug from internal regions of both 
arm.~, wa~ characterized (fig 2). The phclmtypic instability 
in the progeny of spontaneous circtdar DNA nmtunts was 
estimated to be 10-fo!d higher than in tire wild tYl~ strain. 
The chromosomal stability of such a structure was assessed 
in the progeny of these circular DNA mutants, Additional 
deletion events were detected in I I out of the 13 mutant 
strains isolated, demonstrating that the occurrence of a dele- 
tion is independent of the presence of chromosomal ends 
1151. Similar results were described in S lividans where ar- 
tificial circularization of the chromosome was shown to en- 
hance genetic instability by 20-fold as well as increasing 
associated genome rearrangements 117, 181. 

Evolutionary implications or terminal recombination 

Based on the above evidence, the occurrence of deletions 
does not result from the degradation of the chromosomal 
ends but may be the consequence of illegitimate recombi- 
nation, as no DNA homology was found between the dele- 
tion termini 1161. The resulting chromosomal structure 
depended on the location of the two recombination points: 
these may be on the same chromosomal arm or on different 



arms. An example of recombinational interactk>ns between 
both arms of the chlxm~osome can he seen in S ambqfacieP~s 
and in S lit,idans 66 I9, 151. This recombination has caused 
the deletion of all TIR sequences and the ch'cularizatkn~ of 
the chromosomal DNA. However, these mutant chromo- 
somes were shown to be more unstable than the WT chro- 
mosomes.  It can not be ruled out that this structural 
instability resulted from the loss of functions encoded by 
the deleted sequences. Nevertheless, artificially circularized 
chromosomes which did not have any large deletion were 
also highly unstable [ 17, 18]. This increased level of genetic 
instability might be caused by the inability of circular chro- 
mosomes to terminate replication and to partition as they 
probably lack specific terminator sequences. The increased 
level of recombination may also be due to negative super- 
coiling of the circular DNA. 

On the other hand, the linearity of the chromosomal DNA 
seems to be a general trail of Streptomyces (although all 
were selected for their ability to produce antibiotics). These 
data suggest that chromosome circt, larization is probably 
counter-selected in natural environments, and that there 
might be an advantage to Streptomyces having a linear chro- 
mosomal DNA. 

Contrasting with the common invertron structure in 
Streptomyces species, the TIRs are highly variable in size 
and also in sequences. 

The TIR sizes ranged from 24 kb in S griseus to 550 kb 
in S riniosns l l2,  141. In addition, despite a close phylo- 
genetic relationship [191 and a common genetic organiza- 
tion between S anlboftwiens, S lividans 66 and S coelicolor 
A (3)2, the TIRs are of different sizes: 210 kb, 25 kb and 61 
kb, respectively l lO, I1, 131. In S ambo.laciens, internal 
deletions within one chromosomal arm generated TIR 
length polymorphisnt within the same species 1151. 

Intra-specific polymorphism was also seen between two 
WT i so la t e s  of  S amb,~faciens. I)SM4061)7 nud 
ATCC23877. TIR sequences flanking the ends of the chro- 
mosome in strain DSM40697, cloned in cosmid AD91 1101, 
were not homologous to any DNA sequence fi'om strain 
ATCC23877. ht addition, tltere was no homology between 
the TIR of the two related species S Iivi&ms 66 and S ant- 
bofaciens (unpublished results). It can be concluded that 
TIR sequences are highly variable, although short palindromes 
are partially conserved at the ends of the linear replicons I 1 I, 
20, 21], suggesting that the mechanism of their evolution is 
different from that of the rest of the chromo,~ome. 

The terminal recombination events described here may 
have played a role in this evolutionary mechanism. Termi- 
nal recombination events have been described between li- 
near plasmids and the chromosome of Strepunnyces. For 
example in S rimosus, a producer of the antibiotic oxytetra- 
cycline, one end of the chromosomal DNA was shown to 
have been replaced by terminal sequence of the 387 kb li- 
near plasmid pPZGI01 1221, Therefore, linear chromo- 
somes could gain a new end by interacting with linear 
plasmids. In S lividans, the terminal 16 kb of the 25 kb TIRs 
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were idemicai to one end o! the 50 kb linear plasmid SLP2 
I 11,23]. These examples suggest that in the ancestors ¢~f the 
modern Streptomyce.s, interaction occurred betweet~ the 
chromosome and the ends of the linear plasm~ds ~or chro- 
mosomal DNA ends) and that these interactions may have 
been ~nvolved in the mechanism which caused chromoso- 
mal linearity. 

Such recombination events generate hybrid chromo- 
somes with two different ends. Floweret, Streptomyces li- 
near replicons (plasmids or chromosomes) belong to the 
structurally related class of genetic elements called inver- 
trons [241. These linear DNA molecules are characterized 
by identical sequences in inverted orientation at their ter- 
mini. 

To account fl)l" this phenomenon we must assume the 
existence of a mechanism which leads to the homogeniza- 
tion of the terminal sequences on the hybrid chromosomes. 
A simple way lbr this to happen would be the recombinatkm 
of two replicated copies of the hybrid chromosome. The 
report of recombinational exchanges between chromosome- 
s and linear plasmids support the idea that interactions be- 
tween two copies of the chromosome are possible. This 
recombination event could take place either after replication 
when both copies are physically close to each other or be- 
tween the multiple copies of the chromosome present in the 
hyphal compartments Hf the myeelium. 

References 

I tl01ler R. I~..:khar¢ll T I 19S~) Genetic IIlai:iptllation. In:  A~ tin~mJ~(ele.s 
i l l tJh~tec'hnolo~..v (Goodl'¢11o'~ M. Willim~t~. ST. Mord~fski M. etb) 
Ac~ldemi¢ I~IreN ~. Ill(. I..tmdtm. ski h'q4 

2 Chiller KF (1993) G¢lleli¢ of djf|~'l'~.'ll¢i~llion In Sll~'plt,lll~l I'~ AHtlII 
Rel' Mh'ng,iol 47 .6~5-713  

DNA of,~lr+'pron(vce~ tel .  Idi, .I lb . . 'u l i . I  I'~1. "7(11 7(D7 
4 Crllllt~l'i |~.. Dilvio~ Jl~. H[llfel' R ( 198(~1Pllt~;llfid etir i l~ aml g~n~ralio~l 

of  Illillllliol~s induced with elhidi~utt bromid~ in .qreptol~tyceten. J t ie ,  
Microbio l  132. 819+82d- 

5 Altenbuchner J. Cullum J ! 1984) DNA m~plifi¢~lio~ ~md ~m un~t~lble- 
arginine gene in Strelnomyces livi, hms 66. Mol Gen Gem,t 105, I ?t4~+ 
138 

6 Schrempf FI t1985) Genelic inmability: mnplifietllion, d¢lelion trod 
rearrangement within .Str,,ptomyces DNA. In: Microhirdogy l~),~5 
(Leive 1.. ed) American Society for Microbiology. W~nhingloi~ DC. 
43b-..44(i, 

7 Leblond P, Demuyter P. Simtmel JM. Decari,~ B (1900) Genetic in~ta- 
bilily atltl hypervariability in Sl~,pt,lnyt'es a,lht!l+wien.~: Iowards ~11~ 
uFtderslauding of a illcchanisnl of gell.Ultle plasticity. M~d Micr~hiol 
4. 707-717 

8 Lehlond P. I)emuyter P. Simoilet JM. I)ecaris B ( 19911 Genetic iftsta+ 
bilily lind associated gcnome plasticity in Sll't711omy¢t's ambofiwie,s: 
pulsed-field gel el¢ctrOl:,horesi.', evidence for It~rge DNA alter;ttitms it~ 
a limited genomic region. J flm'teriol 173. 422q-4233 

t;, Redenbach M. Fleu F. Picndl W. Glocker L Rmdaml U. Wal'/i~, O. 
Kliem R. Leblond P. Cullum J ( 19931 The Streptumyce.s Ih'idtm.s 66 
chromosome contains a I M B delctogenic region I+hmked by two ms+ 
plii'iable regions. Mol Ge ,  Gem,t 241. 255-262 

In t.eblond P. Fischer G. Francou FX. Berger F. Gu.2rineau M. I)ecturin 
B ( Itjt)61 The UllSlablc region of SIl'~'l!tomy,'es rllllhl!tilCil'+l~ il~l¢lutle ~, 



558 

2 I0 kb terminal inverted repeats flanking the extremities of the linear 
c ~  Mol Mk'wbiu! 19, 261~271 

! I tan YS, K ~ r  HM, Hopw~od DA, Chen CW (1993) The chrnmoso- 
me! DNA of S4n, pt~mbx'es liridans 66 is linear, Mot Microbiol 10, 
92~-933 

!2 t a ~ a v a ~ M i ~ k a m i T ,  ~ i t a n i  T, Kaaueoka D, Redenbaeh M, Shin- 
~ O ~  Kir, ash~ H(1993) Physical map of  the linear chro- 

13 R ~ m c h  M~ K ~  ~ ;  ~ a ~ i t e  D; Eichner A, Cullum L Kina- 
s l ~  ~ D A  ( ! ~ )  A set of ordered cosmids and a detailed 

~ physical map for the g Mb St~eptomyces ct~,licolor A3 
(2~ ¢hrmr~oc¢~, ~ Mk'n~biol 2L 77-96 

14. Paf, d~a K. Pfalzer G. Cullum J, Hranneli D (1997) Physical mapping 
~ w S  th~t Ih¢ unstable gene cluster of ~ e p t r ~ ' ¢ s  r i m ~  lies 
~.'h~'~ to one elld of the linear ¢hronlt~iol-n¢, Mien)biology 143. 1493-- 
1501 

15 Fischer G, Decaris B, Leblond P 0997)  Occurrence of deletion, as- 
~i~lted with genetic instability in Streptom3res twnb~cwiens, is in- 
dependent ~rf the linearity of the chromoxon~d DNA, J Bacteriol 179, 
4553~t558 

Ib Bitch A, H~a~sler A, Rlittencr C, Hatter R 11991 ) Chromosomal dele- 
tion and realvallgen~:nt i|'t Streptmnyces glaucescen,s. J Bacteriol 173, 
3531 ~3538 

17 Chen e w ,  tan Vs. Yang YL tan WY, Chang HM, Kie~r HM, Hop- 
wtg~ DA { 19941 The linear chromosome of SIr~Ttomycex: ~tructure 
and dynamics, Actinom3g'etology 8, 85- I 12 

18 Volff ,IN, Viell P, AItenbuchner J t 1997) Artificial cireularization of 
the chromosonre with concomitant deletion of its terminal inverted 
repeats enhances genetic instability and genome rearrangement in 
Stwptomyces lividans. Mol Gen Genet 253, 753-760 

19 Stackebrandt E, Liesack W, Witt D ( 1992] Ribosomal RNA and rDNA 
sequence analyses. Gene 115. 255-260 

20 Chen CW (1996) Complications and implications of linear bacterial 
chromosome. T~nds Genet 12, 192-196 

21 Xiaoning W, Roy KL (1993) Complete nucleotide sequence of a linear 
plasmid from Streptomyces clavldigerus and characterization of its 
RNA Iran~ripts. J Bacteriol 175.37-52 

22 Gravius B, Glocker D, Pigac J, Pandza K, Hranneli D, Curium J 
(1994) The 387 linear plasmid pPZG I01 of Stwptomyces rimos ts and 
its interactions with the chromosome. Miov~biolagy 140, 2271-2277 

23 Chen CW, Yu TW, Lin YS, Kieser HM, Hopwood DA tl993) The 
conjugative plasmid SLP2 of Stwptomyces lividans is a 50 kb linear 
molecule, Mol Mic~biol 7, 925-932 

24 Sakaguehi K (1990) Invenrons, a class of structurally and ihncihm- 
ally related genetic elements that include linear DNA plasmids, trans- 
posable elements, and genomes of Adeno-lype viruses. Micn~biol Rev 
54, ¢~--74 

25 Be~er E Fischer G, Kyriacou A, Decaris B, Leblond P (19961 Map- 
ping of the ribosomal operons on the linear chromosomal DNA of 
Sn~.plomyces ambo/~tciens DSM40697. FEMS Micmbio! Left 143, 
167~ 173 


