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Evidence for the Wide Distribution of Repetitive DNA Sequences 
in the Genus Streptomyces 

K. U s d i n ,  K.  G e r t s c h ,  a n d  R.  K i r b y  

Department of Microbiology, University of Cape Town, Rondebosch 7700, Cape Town, South Africa 

S u m m a r y .  R e p e a t e d  D N A  sequences  were  de -  
t ec ted  as  r a p i d l y  r e a n n e a l i n g  s equences  in  the  c h r o -  
m o s o m a l  D N A  o f  13 ou t  o f  14 S t r e p t o m y c e s  spec ies  
us ing  e i t h e r  h y p o c h r o m i c i t y  m e a s u r e m e n t s  o r  hy -  
d r o x y a p a t i t e  c h r o m a t o g r a p h y .  T h e s e  s e q u e n c e s  
m a d e  u p  b e t w e e n  a p p r o x i m a t e l y  4% a n d  1 1% o f  the  
to ta l  D N A  o f  these  species ;  on ly  in  S t r e p t o m y c e s  
r imosus  were  r e p e a t e d  D N A  sequences  n o t  de t ec t ed .  
T h e  r e p e a t e d  s equences  fal l  i n to  a n u m b e r  o f  d i s t i n c t  
pe rcen tage  G + C (%G + C) classes ,  m a n y  be ing  o f  
r a the r  l ow  % G  + C. A n a l y t i c a l  d e n s i t y  u l t r a c e n t r i -  
fuga t ion  o f  t he  D N A  o f  these  spec ies  i n d i c a t e d  sa t -  
el l i te  b a n d s  o f  l ow  % G  + C, a n d  h i g h - r e s o l u t i o n  
t h e r m a l  d e n a t u r a t i o n  prof i les  i n d i c a t e d  the  p re sence  
o f  b locks  o f  D N A  o f  low G + C c o n t e n t  too .  N o  
such sa te l l i t e  b a n d  c o u l d  be  f o u n d  in S t r e p t o m y c e s  

coelicolor a n d  no  l o w - % G  + C D N A  c o u l d  be  de -  
t ec ted  in  i ts  t h e r m a l  d e n a t u r a t i o n  prof i le .  T h e  pos -  
s ible  r e l a t i o n s h i p  o f  th is  r e p e a t e d  D N A ,  an  u n u s u a l  
occu r r ence  in a p r o c a r y o t e ,  to  gene t i c  i n s t a b i l i t y  a n d  
genet ic  c o n t r o l  m e c h a n i s m s  in S t r e p t o m y c e s  is d i s -  

cussed.  
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Introduction 

The  p re sence  o f  a s ign i f ican t  p r o p o r t i o n  o f  r e p e a t e d  
sequences  ( r s D N A )  a m o n g  the  D N A  o f  e u c a r y o t e s  

Abbreviations used: Cot, the product of  molar concentration of 
DNA nucleotides and the time (mins) of  incubation (tool 1-1); 
(EO,NCI, tetraethyl ammonium chloride; Tin. the temperature at 
which the DNA is 50% denatured; rsDNA, repeated DNA se- 
quences; dsDNA, double-stranded DNA; ssDNA, single-stranded 
DNA %G + C, percentage G + C content of  DNA 
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is wel l  d o c u m e n t e d .  A s m a l l  p r o p o r t i o n  o f  r s D N A  
has  been  d e t e c t e d  in the  A r c h a e b a c t e r i a  ( S a p i e n z a  
et  al.  1982). Begn in i  et  al.  (1975)  r e p o r t e d  the  p res -  
ence  o f  a s ign i f ican t  p r o p o r t i o n  o f  r s D N A  in Strep-  
t o m y c e s  coel icolor b u t  n o t  in  S t r e p t o m y c e s  r imosus .  
T h e  p r e s e n t  s t u d y  was  c a r r i e d  ou t  to e x a m i n e  these  
s equences  a n d  to d e t e r m i n e  w h e t h e r  r s D N A  oc-  
c u r r e d  in o t h e r  Strep tornyces  species .  

E v i d e n c e  has  been  f o u n d  in a n u m b e r  o f  Strep-  
t o m y c e s  spec ies  tha t  e n v i r o n m e n t a l  s t ress  can  cause  
r e i t e r a t i o n  o f  specif ic  D N A  sequences  ( R o b i n s o n  et  
al.  1981; O n o  et  al. 1982). I t  is p o s s i b l e  tha t  th is  
p h e n o m e n o n  m a y  be  r e l a t e d  to  the  p re sence  o f  re-  
p e a t e d  D N A  sequences  in S t r e p t o m y c e t e s .  

Experimental Procedures 

Strains. Table 1 shows the strains used in this study. 

Isolation and Purification of DNA. The isolation of the total 
cellular DNA was carried out using a modification of the pro- 
cedure of Marmur (1961). The A26o/A280 ratio of the DNA used 
was >2.0 in all cases. The average molecular weight of the DNA 
obtained was >45 kilobases as assessed by gel electrophoresis, 
and the DNA was free of RNA. 

Estimation of the rsDNA in Streptomyees Chromosomal DNA. 
Estimation of the amount of rsDNA was carried out by two 
methods; the first involved spectrophotometric measurements 
and the second involved hydroxypatite column chromatography. 
In both eases the DNA was sonicated using an MSE Soniprep to 
500-600 base pairs (bp) in size as assessed by electron micros- 
copy. Ethylene glycol was added to a final concentration of 20% 
to reduce the 50%-denaturation temperature (Tin) of the Strep- 
tomyces DNA to between 80 ~ and 90~ (Wetmur and Davidson 
1968). 

The spectrophotometric method involved the denaturation 
and reannealing of the Streptomyces DNA in the presence of 1 • 
SSC (Marmur and Doty 1961) + 20% ethylene glycol. Measure- 
ments were carried out at the isobestic point for G + C and A + 
T base pairs, i.e., 272 nm. The Tm and hyperchromic shift for 
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Table  1. Percentage G + C and  percentage r s D N A  in var ious  s trains as es t imated  f rom rapidly reanneal ing sequences  by spectro- 
pho tomet r ic  m e a s u r e m e n t s  and  hydroxyapat i te  c o l u m n  ch roma tog raphy  

Species Strain 

% G + C  
% r s D N A  

(Buoyant  
dens i ty  Rena tu ra t ion  Hydroxyapat i te  

me thod)  kinetics a co lumn  b 

Escherichia coli 
Streptomyces coelicolor 
Streptomyces fradiae 
Streptomyces olivaceus 
Streptomyces lividans 
Streptomyces bikiniensis 
Streptomyces cattleya 
Streptomyces griseus 
Streptomyces venezuelae 
Streptomyces parvulus 
Steptomyces alboniger 
Streptomyces virginiae 
Streptomyces aureofaciens 
Streptomyces acromogenes 
Streptomyces rimosus 

C600 51 0.2 • 0 . i  0.5 _+ 0.3 
M 1 3 0  72.1c72.2 7.4 • 0.6 8.0 d 
A T C C 1 0 7 4 5  73.4 c 9.0 • 0.8 8.9 • 1.8 
A T C C 3 1 1 2 6  72.6 9.1 -- 0.8 8.6 • 1.1 
ISP5434 73.1 7.1 _+ 0.5 7.1 • 1.4 
ISP5235 71.4 5.3 -+ 0.4 N / A  
N R R L 8 0 5 7  74.9 6.4 +__ 0.6 N/A 
NC IB 8232  71.4 r 4.4 • 0.6 N/A 
ISP5230 81.4 c 5.9 + 0.7 N/A 
ISP5048 71.4 ~ 70.9 10.2 +_ 0.5 N / A  
ATCC12461  N/A 3.9 • 0.6 N/A 
ISP5094 N / A  7.2 + 0.8 N / A  
A T C C 1 0 7 6 2  72.4 10.6 _+ 1.1 N / A  
J1054 N/A 4.8 + 0.5 N/A 
N R R L 2 4 4 5 5  70.4 0.2 + 0.2 0.0 ~ 

N/A,  not  available 
a Rena tu ra t ion  kinetics resul ts  are an  average o f  three exper imen t s  
b Hydroxyapa t i t e  c o l u m n  results are an  average o f  two exper imen t s  
c F rom F a s m a n  (1976) 

Es t imate  f rom A n t o n o v  et al. (1977) 
Agrees with Begnini et al. (1975) 

a g iven D N A  were de termined ,  followed by reanneal ing  at T m  = 
250C unti l  l inearity was well established.  After  correct ion for 
collapse hypochromic i ty ,  checked us ing  E. coli D N A ,  the pro- 
por t ion  o f  rapidly reanneal ing  sequences  was assessed.  Th i s  was 
taken as a measu re  o f  the  propor t ion  o f  r s D N A  present  in the  
D N A  (Begnini et al. 1975; Bendich and  Ande r son  1977). All 
m e a s u r e m e n t s  were carried out  on a B eckman  D U 8  spectropho-  
tomete r  us ing a Beckman  T m  modu l e  and  B eckman  T m  C o m -  
puset.  

Hydroxyapa t i t e  ch roma t og raphy  was carried out  on Strep- 
tomyces D N A  that  had  been dena tu red  in 1 x SSC, m a d e  up in 
20% ethylene gly'col and  rena tured  at  T m  = 25~ to a Cot o f  0.5 
[Cot = mola r  concent ra t ion  o f  D N A  nucleot ides  x t ime  o f  in- 
cubat ion  (tool 1-1)]. Separat ion o f  the  doub le - s t randed  D N A  
(dsDNA)  f rom the s ingle-s t randed D N A  (ssDNA) was achieved 
with a thermal ly  equi l ibrated hydroxyapa t i t e  co lumn.  T he  ther-  
ma l  stabili ty o f  the reannealed  D N A  was tested to d is t inguish  
between the more  stable r s D N A  and  the m i s m a t c h e d  un ique  
sequences.  The  a s se s sm en t  o f  the  the rmal  stabil i ty was m a d e  
ei ther by dena tura t ion  on  the  D U 8  spec t ropho tomete r  or  by us ing  
a hydroxyapat i te  c o l u m n  and  2.50C tempera tu re  inc rements  fol- 
lowed by elut ion with 0.14 M phospha te  buffer (An tonov  et al. 
1977). 

Determination of the %G + C Content of Purified rsDNA. To-  
tal cellular D N A  was digested to comple t ion  wi th  B am H 1 en-  
donuclease  (Bethesda Research  Laboratories)  and  then  run  on a 
one -d imens iona l  f o r m a m i d e - u r e a  gradient  gel which  separates  
the  D N A  f ragments  according to %G + C (Fischer and  Lerrnan 
1979). The  gel was run  at 12 V / c m  at 60~ for 20 h. It was then  
soaked in Tris  acetate buffer for 2 h to r e m o v e  the f o r m a m i d e  
and  urea, dena tu red  and  electroblotted to a nitrocellulose filter 
(Genescreen,  New England Nuclear) .  Prehybr id isa t ion  and  hy-  
br idisat ion were carried out  according to the  m e t h o d  o f  Southern  
(1975). The  hydroxyapat i te-pur i f ied  r s D N A  descr ibed above  was 

end-label led with [32p]ATP (5' D N A  Te rmina l  Labeling System, 
Bethesda  Research Laboratories),  dena tured  and  hybr id ised at 
65~ for 24 h. The  filters were washed  twice at 65~ with 0.2 • 
SSC for 1 h and  then  dried. Each gel lane was then  cut  f rom the 
filter and  sliced into a series o f  1-era-wide by 0 .5 -cm- long  strips. 
These  were placed in 5 ml  Packard scinti l lation fluid 299 and 
counted  on a Beckman  C D 5 0  scinti l lat ion counter .  

The  gel sys tem used was tested us ing l a m b d a  D N A  digested 
with Eeo R1 endonuclease .  The  results  were identical  to those 
described by Fischer  and  L e r m a n  (1979). The  gel sys tem was 
calibrated us ing the  c h r o m o s o m a l  D N A  isolated f rom three dif- 
ferent organisms;  Clostridium acetobutylicum (~ 30% G + C), E. 
coli (~ 50% G + C) and  S. coelicolor (~ 70% G + C). This  cali-, 
brat ion was an  approx imat ion ,  as specific sequence effects do 
occur. 

Studies of Streptomyces DNA in the Presence of ( Et)aNCI. The 
T m  o f  D N A  in 2.4 M tetraethyl  a m m o n i u m  chloride [(Et),NCI] 
has  been shown  to be independen t  o f  base compos i t ion  (Melchior  
and  Van  Hippel  1973). Therefore,  the  stabilit ies o f  duplexes  in 
this  so lvent  are influenced pr imar i ly  by their  degree o f  mis-  
matching .  Optical  reassociat ions were mon i to r ed  us ing the  Beck- 
m a n  D U 8  spec t ropho tomete r  with the T m  C o m p u s e t  modu le  at 
272 nm.  

Study of Streptomyces DNA by Analytical Cesium Chloride 
Density Gradient Centrifugation. Streptomyces D N A  (500 bp in. 
size) was analysed  on a Beckman  Model  E ultracentrifuge using 
a Schlieren optical detect ion sys tem at an  initial dens i ty  o f  1.710. 
Centr i fugat ion was carried out  at 45,000 rpm for 24 h at  20~ 
The  D N A  used was identical to that  used in the  dena tura t ion-  
rena tura t ion  studies.  Cal ibrat ion was carried out  us ing an  internal 
E. coli and  S. coelicolor D N A  s tandard  (Twefik and  Bradley 
1967). 



High-Resolution Denaturation Profiles of Streptomyces DNA. 
Denaturation was carried out on DNA (average fragment size of 
500 bp) at a heating rate of 0.15~ on a Beckman DU8 
spectrophotometer at 260 nm. Only a blank and sample were 
used to allow calculation by the internal microprocessor of the 
first and second derivatives. The first-derivative data indicate 
groups of DNA sequences which denature in concert (Cuellar et 
al. 1978). 

R e s u l t s  

Table 1 shows the % G  + C o f  the strains studied 
and the percentage o f  r s D N A  detected by bo th  of  
the methods  used in this study. The  renatura t ion  o f  
the D N A  to a Cot of  0.5 under  relatively stringent 
condit ions ensures that  the major i ty  o f  renatured 
d s D N A s  c o m p r i s e  w e l l - m a t c h e d  r e p e a t e d  se- 
quences. The  stable (Tm >_-65~ sequences are 
most ly  repeated sequences; this the rmos tab le  frac- 
tion was used to calculate the propor t ion  o f  r s D N A  
(Antonov et al. 1977). 

The  one-d imens iona l  denatur ing gradient gel sys- 
tem detected little difference in the hybr idisa t ion 
profiles o f  the p lasmid-conta in ing  and  plasmidless  
strains (Fig. 1 a and b). This  indicates that  the overall  
r sDNA fraction is not  influenced by the presence o f  
p lasmid  sequences to any great extent. This  would 
be expected, because SCP 1 and  SCP 2 are low-copy-  
number  p lasmids  (Kirby and  H o p w o o d  19 7 5; Bibb 
et al. 1977; J. Westpheling,  personal  c o m m u n i c a -  
tion). The  genetic markers  and  genealogies o f  the 
four strains o f  S. coelicolor used here differ greatly. 
Our  results indicate that  mos t  muta t ions  do not  
affect the gross profile o f  the r s D N A  within the ge- 
nome.  The  other  strains used here do not contain 
any h igh -copy-number  p lasmids  (Kirby et al. 1982). 

The  S. coelicolor and S. lividans r s D N A  profiles 
show few differences (Fig. l a ,b  and  c). These  two 
species have  distinct secondary metabol ic  pa thways  
and produce different antibiotics.  Thus,  no direct 
correlation can be seen between the gross r s D N A  
profile and the functioning of  secondary me tabo-  
lism. However ,  where a close genetic relat ionship 
exists (these two species can exchange p lasmids  by 
conjugation), a s imilar  r s D N A  profile occurs. 

S. coelicolor and S. lividans r s DNAs  are made  
up of  a n u m b e r  o f  distinct % G  + C classes. The  
heterologous probe  showed a single difference be- 
tween these species; the S. ffvidans lacks class A o f  
S. coelicolor. Three  taxonomica l ly  divergent  bac- 
terial species, E. coil S. coelicolor, and S. olivaceus, 
shared only very l imited inter-specific homology  
when p robed  with labelled S. olivaceus r s D N A  (Fig. 
2a, b and c). Four  classes o f r s D N A  were identifiable 
in S. olivaceus D N A  (Fig. 2c) and  three classes were 
identified in S. cattleya D N A  (Fig. 2d). 

Figure 3 shows the denatura t ion  profiles in the 
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Fig. IA-C. Hybridisation profiles of various Streptomyces DNAs 
probed with S. coelicolor M 10932P-labelled repeated sequences. 
The total cellular DNA restriction fragments were separated on 
a one-dimensional denaturing gel as described in the text. A S. 
coelicolor M 109; B S. coelicolor M 130; C S. lividans 

presence o f  (Et)4NCI o f  the r s D N A  from S. oliva- 
ceus, S. cattteya and E. coli after  rehybr id isa t ion  to 
a Cot o f  0.5. Heterogenei ty  of  the r s D N A  was found 
in both  S. olivaceus and S. cattleya, confirming that  
the r s D N A s  are m a d e  up of  a n u m b e r  of  classes. 

Classes of  sequences in S. cattleya D N A  were 
found to denature  at t empera tures  distinct f rom the 
ma in  T m  in the absence of(Et)4NC1. This  is possibly 
due to blocks o f  D N A  sequences with different 
% G  + C contents  (Fig. 4a). Similar  results were 
obtained with S. bikiniensis (Fig. 4b). In both species, 
between 5% and 10% of  the D N A  was of  a % G  + 
C lower than was indicated by the ma in  T m .  

The  analytical density gradient centr ifugation 



28 

100 

~ BO 

~, 7o 

~ ~o 

~ EO 
x 
; 

4O 

3D 

100 

80 

60 

N 4O 

30 

i l l l l * l l l l l l l J l l l [ l l l l l l l  
I I [ A I I [ I I I I I I I [ I I I I I I I I [ I I I  -L 

l. . 

C 
t , i i i i , , i q , , i i i L I I I I I ' i t I I I 

1 2 3 4 5 6 7 0 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 

FRACTION NUMBER 

B 
[ 1 1 1 1 1 1 1  I I ~ l l l l l l l l l l l L t l  

i i [ l [ l I [  I l l l l l [ [ l l l l J l l ; l l  

D 
i I L I [ I I I I I I I L I I I I I I ' I I I I I 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 

FRACTION NUMBER 

Fig. 2A-D. Hybridisation profiles of A E. coli; B S. coelicolo~ and C S. olivaceus total cellular DNA probed with 32P-labelled S. 
olivaceus repeated sequences. D S. cattleya total cellular DNA probed with 3zP-labelled S. cattleya repeated sequences 
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Fig. 3. Denaturation profiles of  S. olivaceus, S. 
cattleya and E. coli r s D N A  in the presence of  
(Et)4NC1. Left: Initial profiles. Right: First-deriv- 
ative profiles 

confirmed the presence o f a  low-%G + C D N A  band 
in S. ca t t leya  and S. olivaceus.  These satellite bands  
were sensit ive to deoxyr ibonuclease  but  insensit ive 
to r ibonuclease.  No such satellite band  was detected 
in S. coelicolor. Nei ther  were very low % G  + C re- 
gions detected on high-resolut ion denatura t ion  (Fig. 
4c) or  on denatura t ion  gradient  gels in this species 
(see previous  results). 

D i s c u s s i o n  

Repeated  D N A  sequences are unusual  p h e n o m e n a  
in procaryotes.  There  is only one other  case in which 
a significant p ropor t ion  o f  r s D N A  has been found 
(Archaebacteria;  Sapienza et al. 1982). We have  
shown that  r s D N A  is found in a significant quant i ty  
(4%-10% o f  the genome)  in 13 out o f  14 Strepto-  



myces species examined. The presence of rsDNA 
appears to be widespread in the Streptomycetales. 
In all cases reported here, the rsDNA sequences were 
detected in wild type strains. This study is unlike 
those of Robinson et al. (1981), who showed that 
after protoplast fusion between two Streptomyces 
species reiteration of  a specific DNA fragment oc- 
curred to a final copy number of ~ 500, and Ono et 
al. (1982), who showed a similar amplification in a 
strain of Streptomyces after ethidium bromide treat- 
ment. 

The available data (Fasman 1976; R. Kirby and 
K. Usdin, unpublished results) show a regular dis- 
crepancy between the %G + C values obtained by 
chemical analysis and buoyant density measure- 
ments and those obtained from the Tm of the DNA. 
The latter are consistently higher than the former. 
This discrepancy can be accounted for by low- 
%G + C sequences. Both the buoyant density meth- 
od (using high-molecular-weight DNA) and the 
chemical method only provide information about 
the average %G + C of  the DNA. 

Detailed study of  the rsDNA demonstrated a 
number of  interesting points. The majority (_  70O/o) 
of the rsDNA of  S. coelicolor was shown by dena- 
turation gradient electrophoresis to have a %G + C 
close to that of  the main chromosomal DNA. This 
agrees with the results of  Antonov et al. (1977). 
There does appear to be a small proportion (17.5%) 
of low-%G + C and high-%G + C (5.1%) rsDNA 
present too. The electrophoresis system used gives 
a distinct separation of  the DNA fragments by 
%G + C with high reproducibility. Estimates of  the 
%G + C are approximate, as sequence-specific ef- 
fects can alter the results (Fischer and Lerman 1979). 
In contrast, the majority of  the S. olivaceus rsDNA 
is of  low %G + C (69%). A similar situation is found 
with S. cattleya rsDNA. The distinct difference be- 
tween S. olivaceus and S. coelicolor rsDNA is con- 
firmed by the limited interspecific hybridisation. 

Low-%G + C sequences of a type which could 
be equivalent to the low-%G + C rsDNA were de- 
tected in the chromosomal D N A  of  S. cattleya and 
S. bikinensis using high-resolution thermal dena- 
turation. They were also detected in S. olivaceus and 
S. cattleya using analytical density gradient centrif- 
ugation. These two methods failed to reveal a sat- 
ellite band in S. coelicolor, thus confirming the re- 
sults of  Twefik and Bradley (1967); no previous 
experimental evidence is available for satellite bands 
in S. olivaceus, S. cattleya and S. bikiniensis. 

As with eucaryotic rsDNA, the evolutionary im- 
portance and the molecular function (if any) of  
Streptornyces rsDNA is not clear. Streptomycetes 
are known to show genetic instability that in many 
cases does not involve plasmids (Freeman and Hop- 
wood 1978; Kirby and Lewis 1981). The rsDNA 
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Fig. 4. High-resolution denaturation profiles ofa S. cattleya; b 
S. bikiniensis; and c S. coelicolor total cellular DNA in 0.1 x SSC 

sequences may act by virtue of  their sequence ho- 
mology as "hot  spots" for either legitimate or ille- 
gitimate recombination events. The amplifications 
and deletions described by Schrempf (1983) could 
have resulted from such events. Another possibility 
is that the rsDNA is involved in the organisation 
and packaging of  the large Streptomyces genome, 
which is three to four times the size of that of  E. 
coli (Begnini et al. 1975). S. rimosus does not have 
recombinationally long but genetically non-func- 
tional silent regions in its genetic map, unlike S. 
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coel icolor (Alac~vi i  1975). A ro le  for  the  r s D N A  as 

in t e rgen ic  spacers  is thus  also poss ib le .  T h e  St rep-  

t o m y c e t e s  are  a m o n g s t  the  m o s t  c o m p l e x  p roca ry -  

otes  a n d  unde rgo  a d i v e r s e  series o f  i r r eve r s ib l e  

m o r p h o l o g i c a l  a n d  s e c o n d a r y  m e t a b o l i c  changes  

du r ing  the i r  d e v e l o p m e n t a l  cycle. R e p e a t e d  D N A  

cou ld  be  i n v o l v e d  in the  con t ro l  o f  th is  process .  T h e  

p resence  o f  a s ignif icant  p r o p o r t i o n  o f  r s D N A  in  

such a p r o c a r y o t e  g roup  cou ld  fac i l i ta te  its use as a 

m o d e l  sys tem in the  s tudy  o f  the  role  a n d  e v o l u t i o n  

o f  r s D N A .  
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