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Sum m ary .  N u tr ien t  agar  plates c o n ta in in g  100 — 200 //g  strepto inycin /m l were h eav i ly  
inocu la ted  w ith  Bacillus subtilis s t ra in  168 i n d - . Small  or  m ed iu m  sized colonies deve lo p ed  in 
a p roport ion  of 10 -ß a f te r  a few days  in cu b a t io n  at 37°C. A b o u t  one fou rth  of the iso lates  p ro ­
duced m in u te  colonies when  t ransferred  to  blood agar.  I so la tes  showing norm al co lony  size 
on blood agar  exh ib i ted  certain  new n u t r i t io n a l  r e q u i r e m e n ts  allowing the c lass if ica t ion  of 
the  m u ta n t s  in to  5 groups. The m ajo r i ty  o f  the  m u ta n t s  m ult ip l ied  well on complete  m e d ia  as 
yeas t  pep to n e  agar  b u t  failed to grow u n d e r  defined n u t r i t io n a l  conditions. A p p ro x im a te ly  
one t e n th  of the  m u ta n t s  showed a defic iency in the p a th w a y  of te t raporphyr in  (p ro to h a e m )  
synthesis.  A few isolates with a dependence  on a ro m a tic  am in o  acids were also en co u n te re d .  
A lthough  the isolates were ob ta ined  a t  h igh  s t r e p to m y c in  concen tra t ions ,  they  e x h ib i t e d  a 
low tolerance to  th is  antibiotic .

Slow g row th  was a n o th e r  feature  of  the  m u ta n t s .  A u x o t ro p h y ,  slow growth  a n d  m o d e r ­
a te ly  increased s t re p to m y c in  tolerance a p p a re n t ly  re su l ted  f rom  m uta t ion  at one single locus 
since reversion of a u x o tro p h y  to p ro to t ro p h y  res to red  th e i r  sensi t iv i ty  and norm al  g ro w th .  
It has been concluded t h a t  a direct act ion  of s t r e p to m y c in  on chromosomal rep lica t ion  m ig h t  
be involved in the  genesis of these peculiar  m u ta n ts .

A n d e r s o n  and  I v á n o v i c s  [1] h av e  re cen t ly  observed  th a t  various effects , 
including t r e a tm e n t  w ith  copper su lp h a te  or n i tro soguan id ine , induced h a e m in  
d ep en d en t  m u ta n t s  in Bacillus subtilis . In p re l im in a ry  experim ents  on s t r e p t o ­
m yc in -con ta in ing  m edium  they  o b ta in e d  á-am ino laevu lin ic  acid (ALA) d e ­
p en d en t  isolates. In exam ining  these  m u ta n t s  we were able to s tu d y  an  unfre -  
q u e n t  ty p e  o f  s t rep to m y c in  resis tance  c h a rac te r ized  b y  low antib io tic  to le ran ce ,  
increased n u tr i t io n a l  requ irem en t a n d  slow g ro w th .  T h e  increased n u t r i t io n a l  
req u irem en t  was characterized  by  a deficiency in p ro to h aem  synthesis .  Since 
all these  th ree  fea tu res  were associated  in b o th  ap p ea ran ce  and reve rs ion ,  it 
seemed justif ied  to regard these m u ta n t s  as a s e p a ra te  group of a u x o t ro p h s .

M aterials and m ethods

Bacterial strains. II. subtilis s t ra in  168 and a h a e m in  depen d en t  isolate |1 |  were  used .  
The  geno type  of the l a t te r  (R I  5, ALA d ep en d e n t)  was expressed  as hem Al.

Culture media. Medium GGM  con ta in in g  g lu ta m a te  an d  glycerol was p re p are d  as d e ­
scribed prev ious ly  [1 ]. I f  necessary, the  m ed iu m  was s u p p le m e n te d  with t ry p to p h a n  (20 //g/ml). 
Y eas t  e x t r a c t  pep to n e  m ed ium  ( Y P )  was described in re ference  [2. | Medium Y T : y e a s t  e x t r a c t  
(Oxoid), 2.5 g: T r y p to n  (Oxoid), 10 g: K 2H P 0 4, 1 g: NaCl,  5 g: t a p  water, 1000 m l;  p H  7.5.
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M e d iu m  Н А С :  GGM was su p p lem en ted  with h a e m in  (2.5 5 //g/ml), cyste ine  (20 //g nil) and
f r a c t io n  V  bovine se rum  a lb u m in  (1 — 2 mg/ml).  Blood a g a r: to Y P  agar  5 %  c i t r a te d  h u m a n  
b lo o d  was added.

Inocu lum . P re c u l t iv a t io n  was perform ed o v e rn ig h t  a t  37°C in Y P  b r o th  w i th o u t  sh a k ­
ing. T h e n  the  culture  was d i lu ted  1 : 20 w ith  the  sa m e  m ed iu m  and shaken g e n t ly  a t  37°C un t i l  
a n  o p t ic a l  densi ty  of 0 .5— 1.0 h a d  been reached .  D e n s i ty  m easurements  were c a r r ied  o u t  in a 
B a u s c h  a n d  Lomb Spec tron ic  “ 20” sp e c tro p h o to m ete r .  T he  culture was c en t r ifu g ed  a n d  the 
b a c t e r i a  were resuspended  in 1/10 volume. This  suspens ion  was seeded u n d i lu te d  o r  a f te r  di­
lu t io n  in 0.1 ml a liquo ts  on to  s t re p to m y c in -c o n ta in in g  ag a r  plates. The n u m b e r  o f  inocu la ted  
c o lony  form ers  var ied  b e tw ee n  107 and 108.

U lt rav io le t - i r ra d ia ted  inocu lum  was p re p a re d  as described in reference [1].
D eterm ination o f  catalase activity. The  b a c te r ia  were  grown on Y P  or h e a te d  b lo o d  agar.  

A f te r  20 hours  in cu b a t io n  th e  cells were h a rv es ted  in p h o sp h a te  buffer (0.1 M ,  p H  6.8) and  the 
su sp en s io n  was a d ju s ted  to  o. d. 0.5. To 2 m l suspens ions ,  5 ml 0.015— 0.017 M  H 20 2 were 
a d d e d .  A fte r  5 m inu tes  s ta n d in g  a t  37°C the  a m o u n t  of  decomposed H 20 2 was d e te rm in ed  
io d o m e tr ic a l ly  [3|.

M in im a l nu tritiona l requirement. The  isolates were  firs t  grown on blood a g ar  t h e n  t r a n s ­
fe r re d  to  Y P  and blood agar.  I f  the  isolate seemed to  be  p o rp h y r in  dependen t ,  i t  w as  inocu la ted  
o n to  GGM ALA ( 2 //g/ml) a n d  НАС media.

I f  th e  isolate grew on Y P  agar  b u t  no t  on  GGM agar ,  its specific r e q u i r e m e n t  was te s ted  
fo r  all  am ino  acids,  nucle in bases and 11 w a ter -so lub le  v i tam ins .

Streptom ycin  resistance. In  o r ien ta t ion  e x p e r im e n ts  a slightly opa lescen t  suspension  
w as  p r e p a r e d  from the  colony  tes ted ,  then  ag a r  p la te s  containing s t r e p to m y c in  a t  var ious 
c o n c e n t r a t io n s  were seeded w ith  loopful a m o u n ts  o f  b ac te r ia  (101- 105 colony form ers) .  In  
o rd e r  to  o b ta in  more precise d a ta ,  in q u a n t i t a t iv e  e x p e r im e n ts  1 —2 x  10;J colony  fo rm ers  were 
s t r e a k e d  on a series of  blood agar  p la tes  w ith  g ra d u a l ly  increas ing  s t rep tom ycin  c o n ce n tra t io n s .  
T h e  degree  of to lerance was expressed  as the  decrease  in th e  num ber  of colony fo rm ers .  R esis t ­
ance  to  th e  bacter ic ida l  effect of  s t rep to m y c in  will be  p resen ted  in the e x p e r im e n ta l  p a r t  of 
t h is  p a p e r .

Results

Isolation and n u tritiona l requirement o f  m utants. As in ou r  p rev ious  ex ­
p e r im e n ts ,  H a r t le y  aga r  p lates c o n ta in in g  s trep tom yc in  (200 fj,g/ml) were 
seeded  w ith  10 to  100 X  Ю6 colony form ers  a n d  the  media were in c u b a te d  at  
37°C. A fte r  48 hours few colonies were v is ib le . T he ir  num ber  increased  on fu r ­
th e r  incu b a t io n .  A fte r  96 hours, v a ry in g  w i th  th e  size of inocula a n d  w ith  in­
d iv id u a l  experim en ts ,  10 to  200 colonies were observed  per p la te .  S im ila r  n u m ­
bers  o f  colonies were o b ta in ed  on o the r  c o m p le te  m edia  (YP, Y T  or b lood agar).  
O n GGM  or НАС m ed ium  con ta in ing  s t r e p to m y c in  (200 //g/ml) th e re  was no 
g ro w th  in several re p ea ted  experim ents .  I r r a d ia t io n  of the  inocu lum  did  no t 
a f fec t  th e  results  o b ta in e d  w ith  inocu lum  w i th o u t  u ltrav io le t  i r rad ia t io n .

A fte r  96 hours in cu b a t io n  on s t r e p to m y c in  agar  the size o f  colonies varied  
co n s id e rab ly .  A bou t 3/4 of  colonies was sm all  (0 .5-  l mm). L arge  colonies, 
3 m m  or more in d iam e te r ,  occurred in a b o u t  10% . The size of  th e  re m a in in g  
colonies va r ied  be tw een  these  values.

T h e  following resu lts  reflect f indings o b ta in e d  in 5 d ifferent e x p e r im e n ts .  
Colonies grown on a n t ib io t ic  agar p la tes  were t ran s fe rred  to blood ag a r .  About 
1/5 o f  th e  isolates failed to  develop in to  colonies, i.e. they  consis ted  o f  dead 
b a c te r ia .  On blood aga r  72 o u t  of the  266 t r a n s fe r re d  isolates fo rm ed  colonies 
0.5 m m  or less in d iam e te r .  These “ m in u te ”  colonies were h igh ly  u n s ta b le  in
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fu r th e r  subcu ltu res :  they  of ten  lost v iab il i ty  or segregated  colonies re sem bling  
those  o f  th e  p a re n t  cultures. In  p h e n o ty p e  (nu tr i t io n a l  requ irem en t)  85 o u t  
o f  194 isolates ob ta ined  on blood  agar  were iden tica l w ith  the  p a re n t  s t ra in .  
P a r t  o f  these  isolates had p ro b a b ly  orig inated  from a c o n tam in a t io n  o f  th e  
inoculum . More th a n  one h u n d re d  colonies showed an a l te ra t io n  in n u t r i t io n a l  
req u irem en ts ;  57 isolates were ex am in ed  in detail. A deficiency in p o rp h y r in  
syn thes is  was observed  in 14 cu ltu res .  E igh t  isolates required  a ro m a tic  am ino  
acids. F u r th e r  19 isolates failed to  grow on GGM agar  even  when th e  m e d iu m  
h ad  been supp lem en ted  w ith  all am ino  acids, nucleic acid bases and  w a te r-  
soluble v i tam ins .  All of th e m  grexv, however, a b u n d a n t ly  on Y P  and  on o th e r  
com ple te  m edia .  The rem ain ing  6 isolates m ultip lied  on ly  on blood ag a r .

In  su b seq u en t  experim en ts  a decrease in th e  co n cen tra t ion  o f  s t r e p to ­
m ycin  (lowest value, 50 /ig/riil) re su lted  in an increase in the  n u m b e r  o f  colo­
nies. At low concen tra t ions  m a in ly  “ m in u te ”  colonies or a u x o tro p h s  w i th  
undef in ab le  req u irem en t  deve loped . In  the  presence of 200 /ig s t re p to m y c in /m l  
th e  p ro p o r t io n  of colony fo rm ers  was 0 .2 x 1 0  (>— 1 0 -e . At lower c o n c e n t r a ­
tions th is  v a lue  increased to  10 _a.

In  th is  s tu d y  abou t one th o u s a n d  isolates were exam ined  for defined  
cha rac te rs .  U ndefinab le  a u x o tro p h s  occurred f requen tly ;  these  were p receded  
in n u m b e r  only by “ m in u te ”  m u ta n t s .  The p ro p o r t io n  of m u ta n ts  defic ien t 
in p o rp h y r in  synthesis  varied g re a t ly  in the individual experim en ts .  S om etim es  
2 0 %  o f  the  colony formers req u ired  haem in  or ALA, while in o the r  ex p e r im e n ts

Table i

Relevant phenotypes o f  m utants isolated from  strain 168 ind

Class of m utants
Growth on different media

GGM GGM AKA' II AC2 Y P Y P Mood

P a re n t  s tra in  168 ind

“ M im ite”

nda

nda -b

aro

hern A

hem

+
±

+
+

1 GGM w ith  ő-aminolaevulinic acid (2 /ig/nil)
2 See m ethods
:t GGM with  tyrosine and phenyla lan ine  (10 //g/ml each)
R em arks  to the designation of isolates.  The  nomenclature  of D e m e r e c  et al. [ 4 1 was adopted .  

M u ta n ts  lacking Л-aminoIaevulinic acid syn the ta se  are denoted  as hem A . H aem in  d ep en d en t  
m u ta n t s  are designated by their p h e n o ty p es  as hem isolates.
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t h e s e  m u ta n ts  were e n t i re ly  absent. T he  low est f requency  was fo u n d  with aro 
m u t a n t s ;  in two in d iv id u a l  experim ents  o n ly  8 isolates were found .

On the  hasis o f  p h e n o ty p e  the  m u ta n t s  were classified in to  groups, as 
sh o w n  in Table  I .

A m ong o th e r  re su l ts  th e  following are  w o r th  m en tio n in g .  W e were u n ­
ab le  to  characterize  th e  nu tr i t io n a l  re q u ire m e n t  of  nda  (n on-defined auxo- 
t ro p h s ) .  In the  presence  of  a great n u m b e r  of  va r ious  m etabo li tes  som e of them  
e x h ib i te d  a m in im al g ro w th  on GGM agar.  A p a r t  from  th is  d ifference in p h e ­
n o ty p e  all isolates seem ed  to  be un ifo rm ; occasional traces  of  g row th  were 
a t t r i b u t e d  to  th e  “ le a k y ”  cha rac te r  of th e  cu l tu re .  M u tan ts  nda-b  (nda  w ith  
b lood  requ irem en t)  g rew  poorly on GGM blood  ag a r  h u t  a b u n d a n t ly  on Y P  
b lood  agar. M embers o f  g roup aro requ ired  a ro m a t ic  am ino acids ( tyrosine 
and  pheny la lan ine) .  T h ese  isolates were p r o b a b ly  deficient in th e  synthesis  
o f  prepheic  acid or its  p recursor.

Some s tra ins  rep re sen t in g  all kinds of  isolates were exam ined  for catalase  
a c t iv i ty .  On the ave rag e ,  2 ml suspension o f  th e  p a re n t  s tra in  decom posed 
3 ml 0.01 M  H . ,0 2. T h e  reac tion  was in h ib i te d  b y  sodium  azide. W ith in  th e  
l im its  o f  experim en ta l  e r ro r ,  identical resu lts  were given by  all rep resen ta t ives  
in t h a t  m u ta t io n  was n e v e r  associated w i th  an  a l te ra t io n  in ca ta lase  ac t iv i ty .  
B a c te r ia  deficient in th e  haem a tin  p a th w a y  were, of course, cu ltu red  in the 
p re sen ce  of exogeneous po rphyrin .

M utan ts  w ith  c h an g ed  nu tr i t iona l  re q u ire m e n ts  were o b ta ined  not only 
w i th  inocula c o n ta in in g  vege ta t ive  b ac te r ia ,  h u t  also w ith  spores.

Streptom ycin tolerance o f  the isolates. I so la te s  o b ta ined  on p la te s  con ta in ­
ing 100 — 200 //g s t re p to m y c in /m l  showed a v e ry  low to lerance  to  th e  an tib io tic .  
F o r  exam ple ,  in one e x p e r im e n t  49 colonies were exam ined  by p rep a r in g  s light­
ly  opa lescent suspensions from  blood ag a r  su b cu l tu re s  and  tra n s fe r r in g  10* — 
105 b a c te r ia  to blood a g a r  con ta in ing  s t re p to m y c in .  Tab le  I I  shows th e  nu m b er  
o f  iso la tes  giving c o n f lu e n t  g row th in th e  presence  of  s t rep to m y c in  a t  d ifferent 
con cen tra t io n s .

Q u a n t i ta t iv e  s t r e p to m y c in  tolerance  t e s t s  for defined m u ta n t s  are pre ­
s e n te d  in T able  111.

Table II

13ÏT

A n t i b i o t i c  to le r a n c e  o f  c o lo n ie s  s e le c te d  a t  r a n d o m  f r o m  g r o w t h  o n  Y F *  a g a r  w i th  2 0 0  f ig  s t r e p t o m y c i n / m l

Streptom ycin , jiig/ml 5 20 50 100 “ Dependent”

N o. o f isolates 9 26 4 5 5

In nutritional requirem ent 15 out of the 49 isolates tested  were identical w ith  the parent 
strain. These isolates tolerated 100 f i g  streptom ycin/m l. The remaining isolates appeared to be 
n d a  in phenotype. “ D ependent” isolates tolerated streptom ycin  at low concentrations (20 f t g/ml 
or less) and grew som ewhat better in the presence o f the antibiotic.
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Table III

Percentage o f colony form ers o f  individual isolates with defined nutritional requirements on blood 
agar plates containing streptom ycin at different concentrations

Strain
Size of

Ft г cent of survivors at //g s rep tom у fin/m l

inoculum
5 10 20 50 100

168 ind 1200 90 7 — — —

h e m A 1 1300 95 100 100 —

hem.43 1350 100 38 2 - —

hemA 5 1500 95 97 100 100 —

hem-8 2300 100 90 80 40

hem-10 2100 96 72 90 80

hem -11 2500 90 55 50 5 —

liem-12 2500 95 80 62 9
hem -13 2800 50 50 60 35 —
hern- /5 2400 70 40 46 —

<iro-l 1800 100 96 90 —
aro-2 2400 2 —

aro-8 4000 34 32 10 —

Streptom ycin sensitiv ity  ol’ strain 168 in d -  was tested also at very low concentrations. 
All bacteria o f the inoculum  consisting of 1500 colony formers produced colonies at 2, 3 and 4 //g  
streptom ycin/m l. Survival rate was 90"„ at 5 /ig /m l, 15% at 8 //g/Tnl. and 4°„ at 10//g/inl.

Five further isolates w ith am  character were also included in these tests; all bu t one 
(uro-5) exhibited a high sensitivity to streptom ycin similar to that o f aro-2. Dash ind icates no 
growth.

I t  is seen t h a t  all isolates e x am in ed  were hete rogeneous  in s t re p to m y c in  
sens itiv ity .  The p a re n t  s tra in  (168 ind ) was h ighly  sensit ive. M u tan ts  hem A  
and  hem  differed slightly  h u t  s ign if ican tly  from the  p a re n t  cu ltu re . O nly  3 tiro 
isolates were s lightly  res is tan t ,  the  rem a in in g  4 s t ra in s  b eh av ed  like the  p a re n t  
cu ltu re .  S imilar exp er im en ts  will he p re sen ted  la te r  in th is  paper.

I t  should be n o ted  th a t ,  co rrespond ing  to  th e  original techn ique , m ed ia  
con ta in in g  100 200 //g s trep to m y c in /m l were seeded w ith  large inocula (107
bac te r ia )  o f  some isolates. The applied  com ple te  m edia  were supp lem en ted  w ith  
m e tabo li te s  (e.g. ALA) when necessary. D epend ing  on th e  s trep tom yc in  co n cen ­
tra t io n  and com position  of  th e  m edium  som etim es  a th in  film of confluent g ro w th  
developed. Mostly, how ever, even th e se  large inocula  gave rise to few colonies.

S tability  o f  isolates. M utan ts  hem  and  hem A  showed a rem ark ab ly  w eak  
spo ru la t ing  capac ity .  W hen su b cu l tu red  freq u en t ly ,  hem  m u ta n ts  sp l i t  off 
r e v e r ta n ts .  M u ta n ts  hem A  and aro were h igh ly  s tab le .  Iso la tes  nda and  nda-b  
were u n s tab le  and  had therefore  to  be  m a in ta in e d  by freeze-drying.

Isolates show ing nu tr i t iona l  req u irem en ts  d ifferen t from those  of th e  
p a re n t  s tra in  r ev e r ted  spon taneously  to  th e  original phen o ty p e .  In o rd e r  to
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Table IV

Change in  streptomycin tolerance associated with reversion o f  auxotrophy to the parent phenotype  
(The inoculum  varied be tw een  970 to 2400 bacteria)

Iso late and its revertant
P er cen t of survivors a t j_ig streptom ycin/m l

5 10 15 20 5 0 100

h e m A 6 l 100 85 50 45 15 0
h em A 6  r e v e r tan t 0 0 0 0 0 0
hem A  6' 60 30 30 30 0 0
h em A ő  r ev er tan t 5 0 0 0 0 0
h e m A l l 45 2 1 0 0 0
hem A l l  rever tan t 0 0 0 0 0 0
hem -8 50 50 30 30 0 0
hem -8  r e v e r ta n t 5 0 0 0 0 0
hem -10 30 5 9 0 0 0
hem -10 r ev er tan t 0 0 0 0 0 0
h em -13 80 9 3 0 0 0
hem -13  r ev er tan t 40 0 0 0 0 0
hem -14 100 10 1 1 0 0
hem -14  r ev er tan t 3 0 0 0 0 0

hem -15 100 100 100 100 0 0
hem -15 r e v e r tan t 20 0 0 0 0 0

hem -16 100 100 80 80 0 0
hem -16  r e v e r tan t 60 0 0 0 0 0
aro-22 5 0 0 0 0 0
aro-2 r e v e r ta n t 2 0 0 0 0 0

aro-5 100 100 100 90 0 0
aro-5 r e v e r ta n t 90 1 0 0 0 0

nda-3 100 100 100 100 90 0
nda-3  r e v e r ta n t 5 1 1 1 0 0

n d a -15 100 100 100 90 0 0
nda-15  r e v e r ta n t 13 0 0 0 0 0

n d a -17 100 29 20 5 1 0
n d a -17 r e v e r tan t 7 0 0 0 0 0

nda-b-6 100 100 100 100 50 1
nda-b-6  r e v e r ta n t3 55 5 0 0 0 0

1 Ind iv idua l  experim ents  w i th  two r e v e r tan ts  isolated independently .
2 Similar  experim ents  w i th  three  fu r ther  aro isolates exhibited also a low ra te  of to leranc 'o  
3T o  paren t  type  s tra in .  In te rm ed ia te  r e v e r t a n t  nda showed an increased tolerance e t

s t rep to m y c in .

d e te rm in e  th e  f requency  o f  reversion, b a c te r ia  grown in su ff ic ien tly  su p p le ­
m e n te d  m edia  were cen tr ifuged  and w ashed  in  GGM. The suspension  was seed­
ed o n  GGM and som etim es  on Y P  p la tes .  T h e  p roportion  of  reversion  for 9 
hem  iso la tes  was 0.5 — 2.8 p e r  107 b ac te r ia .  A lower frequency  reversion  was 
o b se rv e d  w ith  hem A  iso la tes:  som etim es even  2 x l 0 8 organism s failed to  yield 
r e v e r ta n t s .  R eversion was m ore  f re q u e n t  in  nda  isolates. R e v e r ta n ts  a lw ays
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occurred  in popu la t io n s  o f  10s bacte r ia ;  th e  f req u en cy  of reversion re a c h e d  a 
m a x im u m  of 100/107 b ac te r ia .  Reversion of  nda-b  s tra in s  occurred in tw o  s teps ;  
f irs t  nda  ( in d ep en d en t  from  blood) then  th e  p a re n t  phen o ty p e  ap peared .  U n ­
like with aro isolates, in size an d  s t ru c tu re  of  colonies th e  rev e r tan ts  a n d  th e  
pa ren t  cu ltu re  were iden tica l.  W hen  re v e r ta n ts  were sought on GGM m e d iu m  
two different k in d s  of  colonies were observed: a small proportion  of the  colonies 
resem bled to  th e  p a re n t  cu ltu re ,  h u t  the  m a jo r i ty  comprised slowly-growing 
small colonies (ab o u t  2 m m ) even after  48 h o u rs  incuba tion . In the  l a t t e r  th e  
reversion was p ro b a b ly  due to  a suppressor m u ta t io n .

8.5|

Minutes

Fig. 1. The  killing ac t ion  of s t re p to m y c in  on the  p a r e n t  s t r a in  ( B . subtilis  168 ind ). A 1.9 m 
sam ple  of ex ponen t ia l  phase  cu ltu re  in Y P  b ro th  was m ixed  with  0.1 ml 1% s t r e p to m y c in  
su lphate .  T he  suspension  was in cu b a ted  as a th in  layer  a t  37°C and  bacteria l  counts  were  m ad e

a t  in tervals

Com parative exam ination o f  auxotrophic m utants and tlieir revertants. 
Iso lates rev e r ted  from  m u ta n ts  with new re q u ire m e n ts  showed a dec reased  
s t rep tom yc in  to le ran ce  s im ilar to the  to le rance  of  th e  p a ren t  strain (Table  IV).

It would a p p e a r  t h a t  the  rev e r tan ts  were som ew ha t more sens i t ive  to 
s t rep to m y c in  th a n  was the  p a re n t  s tra in  (see T ab le  I I I ) .  Because of  th e  low 
to lerance  of  aro cu l tu res  only  aro-5 could be co m p ared  to  th e  correspond ing  
au xo troph ic  m u ta n t .  R eversion of th is  m u t a n t  w as also associated w ith  a d e ­
crease in s t re p to m y c in  to lerance.

S trep to m y c in  at  high concen tra tions was bac te r ic idal  to cells of th e  p a r e n t  
s tra in .  T he  k inetics  of th is  effect are p re sen ted  in Fig. 1.

T able  V shows th e  bac te ric idal effect o f  th e  an tib io tic  to  several iso la tes  
and  to  the ir  r e v e r ta n ts .

T he  sen s i t iv i ty  of th e  p a re n t  s t ra in  v a r ie d  w ith in  reasonable  l im its  in 
d ifferent experim en ts .  The au xo troph ic  iso lates were more re s is tan t  th a n  
was th e  pa ren t  cu l tu re .  R eversion decreased th e i r  resis tance  to the  bac te r ic id a l  
ac tion  of  s t re p to m y c in .  S tra in  aro-7 was an  excep tion  as after reve rs ion  it 
showed no change in sens itiv ity .  I t  should be n o te d  th a t  this cu ltu re  show ed
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Table V

The killing  action o f  500 fig streptom ycin/m l on bacteria after 1 hour exposure in  broth

Strain
Survivors, 
per cent

P a r e n t  (168 i n d - ) exp. 1 6.4

P a r e n t  (168 in d - ) exp. 2 12.8

P a r e n t  (168 ind ) exp. 3 8.2

hem A  6 48.8
heniA 6  r e v e r tan t 20.9

hem A 8 85.8
h em A 8  r ev er tan t 13.3

hem-9 47.2
hem-9  rever tan t 18.6

aro-7 21.7
aro-7 r e v e r tan t 22.3

nda-3 96.2
nda-3  r e v e r tan t 10.5

nda-15 45.9
nda-15  r ev er tan t 2.4

B acter ia  were grown in  Y P  m edium  conta in ing 2 fig  ALA/ml or 2.5 fig h a e m a t in  -f- 0 .2%  
b o v in e  a lbum in/m l.  Simple Y P  b ro th  was used for p o rp h y r in  independent m u ta n ts .  W h en  the 
o.d. v a lu e  reached 0.5, 1.9 m l a liquo ts  of  the cultures  were  mixed with 0.1 m l 1% s trep to m y c in  
so lu t io n  a n d  incubated  in a  w a te r  b a th  of 37°C for 60 m inutes .  Bacterial counts were m ad e  on 
b lood a g a r  plates.

no d ifference from th e  p a r e n t  s tra in  in th e  b ac te r io s ta t ic  effect o f  th e  a n t i ­
b io t ic .

T h e  results  of an  e x p e r im en t  carried  o u t  la te r  with aro-5 and  its r e v e r t a n t  
has  b een  o m itted  from T ab le  V. In th is  e x p e r im e n t  the degree o f  s en s i t iv i ty  of 
th e  p a r e n t  s tra in  ( te s ted  for comparison) w as  s tr ik ing ly  high. The p ro p o r t io n  
o f  su rv iv o rs  was only  1 %  for the  p a re n t  c u l tu re ,  15.5% for aro-5, a n d  3 %  for 
th e  r e v e r ta n t .  The d ifference m ay  he ex p la in ed  b y  th e  fact th a t  in these  ex p e r i­
m e n ts  a new b a tc h  of  m ed iu m  was used.

T h e  au x o trophs  show ed increased re s is tan ce  to  bo th  th e  b ac te r io s ta t ic  
a n d  th e  bac te ric idal effect o f  s t rep to m y c in .  T h e  aro m u ta n ts  b eh av ed  irreg­
u la r ly  in  th is  respec t  as well as in the  ty p e  o f  reversion. In  c o n tra s t  to  th e  
f in d in g  of G o r i n i  a n d  K a t a j a  [5], who desc r ib ed  some cond itiona lly  s t r e p to ­
m y c in  d ep en d en t  (CSD) E . coli s tra ins , t h e  new  nu tr i t iona l  r e q u ire m e n t  of 
o u r  ty p ic a l  a u x o tro p h s  could  not be s u p p le m e n te d  by the add it ion  of  s t r e p to ­
m y c in .  M any  of ou r  iso la tes  were ex am in ed  as to  w hether  the ir  re q u ire m e n t  
for  A L A , haem in  or com p le te  m edium  could  be  supp lem ented  by  s t r e p to m y c in  
in c o rp o ra te d  in m in im al m ed ium  (GGM). In  th e  range of 0.5 5 fig  s t r e p to ­
m y c in /m l ,  however, no such  effect was d e m o n s tra te d .
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Tab le  VI

Colony size o f isolates and their nutritional revenants on different media after 24 and 18 hours
incubation at 37 °C

Size of colonies in nun on media

Strain Y P
YP ALA or 

haem atin1 Blood agar
H eated blood 

agar

24 48 24 48 24 48 24 48

168 i n d - 5.9 6.9 6.8 8.5 3.9 5.6
hem A  1 1.0 2.8 1.2 6.0 1.8 5.0

h em A 8 0 2.0 0.6 5.0 1.0 5.1
h em A 8  r e v e n a n t 6.8 7.6 6.0 8.0 4.6 7.3

hem-8 0.5 1.0 1.9 4.6 3.8 5.9
hem -8  revertant-1 5.3 7.1 5.4 5.2 4.3 5.2
hem -8  revertant-2 10.6 15.8 7.5 8.2 7.9 12.1

nda-3 1.0 2.9 I.« 1.9
nda-3  rever tan t 4.6 7.1 5.0 5.9

nda-15 1.8 3.9 0.8 1.6
nda-15 rever tan t 8.0 9.9 5.0 5.0

aro-2 6.7 9.1 4.9 5.6
aro-2 rever tan t 6.5 7.8 5.9 6.4

aro-7 3.1 5.0 3.0 4.0
aro-7 rever tan t 4.4 6.2 4.2 5.3

1 Supplemented  e ithe r  with ALA for hem A  isolates or w ith  h a em at in  -}- bovine a lb u m in  
for hem  m utan ts .  0 N o t  visible by  the n a k e d  eye.

Appropriate  d i lu t ions of exponential  g row th  phase liquid culture  were plated. Inocu la  
consis ted  of 15 to 20 colony formers. The v a lu e s  represent the average size of 30 to 50 colonies. 
V a r ia t ion  in the size of  individual colonies w as  less th an  di 1 mm.

Slow grow th was ano ther  s t r ik in g  charac ter is t ic  o f  our isolates. F o r
IP  о

te ch n ica l  reasons in s tead  of d e te rm in in g  th e  genera tion  tim e , th e  t im e  needed  
for th e  deve lopm en t of colonies w as  exam ined . As shown in Tah ié  V I th e re  
w as a s trik ing difference in the  size o f  colonies be tw een  hem, hem A  and  nda  
iso la tes  and the  p a re n t  culture. T h e  difference was especially  g reat a f te r  24 
h o u rs  incuba tion  h u t  was still m a rk e d  a f te r  48 hours.

Reversion of  th e  m u ta n ts  re s to re d  the original rap id  g row th  or re su l ted  
in an  increased degree  of m u lt ip l ica t io n .  In  this respec t  tiro au x o tro p h s  b e ­
h a v e d  irregularly. T he ir  growth dec reased  slightly  an d  reversion exerted  l i t t le  
effec t.  Some aro r e v e r ta n ts  grew v e ry  slowly; these re s to red  the ir  original 
p h e n o ty p e  p ro b ab ly  by  suppressor m u ta t io n .

W hen heavy  inocula  of s t r e p to m y c in  sensitive bac te r ia  o f  B. su b tilis  168 
were p la ted  on n u t r i e n t  agar m edia  co n ta in ing  high c o n cen tra t io n  of  s t r e p to ­
m ycin , the o b se rva tions  m ade could he sum m arized  as follows. It was c h a r ­
ac te r is t ic  th a t  a b o u t  80%  of the  co lony  formers differed in p h en o ty p e  f rom  
th e  inocu la ted  cu l tu re .  The formed a u x o tro p h s  showed no wide range o f  va r i-
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a t io n :  on e x a m in a t io n  of abou t 1000 colonies all isolates could be classified 
in to  5 groups. T h ree  o u t  o f  th e  5 groups  were cha rac te r ized  b y  a deficiency 
in p ro to h aem  sy n th es is .  T he  re q u ire m e n t  o f  th e  m ost f req u en t ly  iso lated  au x o ­
t r o p h  (n d a )  could  n o t  be defined; i t  seem ed to  rev e r t  to  its  original ph en o ­
t y p e  in one step. I t  w as  characteris tic  t h a t  au x o tro p h y  was accom panied  by  
low s t re p to m y c in  re s is tan ce  and slow g ro w th .  Reversion  from a u x o tro p h y  re su l t ­
ed in a loss of inc reased  s t rep tom yc in  to le ran ce  and  in regain ing  no rm al grow th . 
T h e  b ehav iou r  of som e aro isolates was v a r ia b le  and  less ch a rac te r is t ic  t h a n  
t h a t  o f  the  o th e r  m u ta n t s .

Discussion

Colonies deve lop ing  on n u tr ie n t  a g a r  p la te  con ta in ing  aminoglycoside 
a n t ib io t ic s  m ay  differ  from  the  p a ren t  s t r a in  in colony m orpho logy  and m i­
n im a l  n u tr i t io n a l  re q u ire m e n t .  J e n s e n  a n d  T h o f e r n  [6] described  s t re p to ­
m yc in  re s is tan t  m u t a n t s  o f  Staphylococcus aureus  th e  g row th  of which was 
h ig h ly  enhanced  b y  haem in .  H aem in  d e p e n d e n t  m u ta n t s  were iso lated  from 
Escherichia coli b y  seria l  passages on s t re p to m y c in -h a e m in  m ed ium  [7]. On 
n eom yc in  or s t r e p to m y c in  agar salm onellae  were described to  split  off  re s is tan t  
m u ta n t s  ch a rac te r ized  b y  dw arf  colonies [8]; these  consisted  p a r t ly  of bac te r ia  
d e p e n d e n t  on one or m ore  m etabolites  (cyste ine , serine, n iacin). A w ell-charac­
te r ized  d-am inolaevulin ic  acid (ALA) defic iency  in th e  p o rp h y r in  p a th w a y  
was f i rs t  d e m o n s t ra te d  in a B. subtilis  m u t a n t  o b ta in ed  b y  th e  use of  s t r e p to ­
m yc in . Shortly  th e r e a f t e r  a similar m u t a n t  was iso lated  from  E . coli w ith  n eo ­
m y c in  [9a]. Y e g i a n  et al. in 1959 [9b] iso la ted  h aem in  d e p e n d e n t  m u ta n ts  
f rom  Staph , aureus w i th  kanam ycin . R e c e n t ly ,  T i e n  an d  W h i t e  [10a] applied  
k a n a m y c in  for iso la t in g  large num bers  o f  m u ta n t s  from  th e  sam e organisms 
in  o rd e r  to  m ap  th e  genetic  control of th e  b iochem ical p a th w a y  o f  p ro to h aem  
syn thes is .  I t  was s t r ik in g  th a t  the  m u ta n t s  failed to  show k an a m y c in  resistance.

T h e  pleio trop ic  effect of s t re p to m y c in  has  long been  kn o w n ; here only 
som e exam ples  are  m en tioned .  H igh s t r e p to m y c in  resis tance  in Salmonella  
ty p h im u r iu m  is acco m p an ied  b y  m e th io n in e  (G o l d s c h m id t  et al. [10b]) or 
th ia m in e  and n iac in  ( D e m e r e c  and  L a h r  [10c]) req u irem en t .  W a t a n a b e  
a n d  W a t a n a b e  [11, 12] stressed th e  im p o r ta n c e  of  th e  degree o f  s t rep to m y c in  
res is tance . T hey  sh ow ed  t h a t  in S. typ h im u r iu m  h igh ( >  500 /tg/ml) and  m o d ­
e ra te  s t rep to m y c in  re s is tance  is assoc ia ted  w ith  d ifferen t loci. M uta t io n  to  
low resis tance  was ch a rac te r ized  b y  slow g ro w th  and , in p a r t  o f  th e  isolates, 
a sso c ia ted  w ith  th ia m in e  and  niacin re q u ire m e n t .  These m u ta n t s  could be 
t r a n s d u c e d  in a single s tep  to  the  w ild - ty p e  p h e n o ty p e ;  th e  t r a n s d u c ta n t  be­
cam e  s trep to m y c in  sensitive ,  grew ra p id ly  an d  tu rn e d  p ro to tro p h ic  in n u t r i ­
t io n a l  req u irem en t .  I t  has ,  therefore, been  concluded t h a t  all these  m arkers  
were  contro lled  b y  one  single locus.
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Tn p h e n o ty p e ,  our B. subtilis  m u ta n t s  seem  to  lie similar to  th o se  d e ­
scribed b y  W a t a n a b e  and W a t a n a b e  [11, 12 ] .  T he great v a r ia b i l i ty  in  th e  
p ropert ie s  of s t re p to m y c in  re s is tan t  p h e n o ty p e s  justif ied  the ir  c lassif ica tion  
in to  well-defined g roups. A ccordingly , it  is reco m m en d ed  th a t  th is  p e cu l ia r  
ty p e  of  s t re p to m y c in  resistance shou ld  be d es ig n a ted  w ith  the  sym bol “ A L S A S ” 
(associa ted  low s trep to m y c in  res is tance , a u x o t r o p h y  and slow g ro w th ) .

In  p h e n o ty p e  th e re  are s im ilarities  b e tw een  our m u ta n ts  and t h e  E . coli 
s tra in s  o f  G o r i n i  a n d  K a t a j a  [13] iso la ted  f ro m  conditional s t r e p to m y c in  
d e p e n d e n t  m u ta n t s  o f  E . coli. T he  p h e n o ty p e  o f  th e ir  rev e r tan ts  w as  associ­
a te d  w ith  th e  ap p ea ran ce  of a su p p resso r  fu n c t io n in g  also in th e  ab sen ce  of 
s t rep to m y c in .

T he  ques t ion  arises as to how A LSA S m u ta n t s  survive the  h igh  s t r e p to ­
m ycin  concen tra t io n  used for th e i r  iso lation  a n d  how  is it  possible to  o b ta in  
au x o tro p h s  w hen  th e  required  m e tab o l i te  is ab sen t  from the  m e d iu m . F o r  
exam ple ,  the  A LA  requ ired  for g ro w th  by  hem A  m u ta n t s  is no t c o n ta in e d  b y  th e  
usual n u t r ie n t  m ed ia .  The strict associa tion  b e tw e e n  s trep tom yc in  to le ra n c e  an d  
en v iro n m e n t  (co n s t i tu en ts  of th e  m ed ium ) is well know n. A ccording to  th e  
conclusion of G y Ő r f f y  and K á l l a y  [14] th e  su rv iva l  of bac te r ia  a t  a given 
s t rep to m y c in  concen tra t io n  ‘"may be con tro lled  e i ther  physiologically , i.e. 
by  a favourab le  m icroenv ironm en t or  by  te m p o r a r y  changes a t  th e  ce llu lar  
level . . .; or th e  su rv iva l  m ay be con tro lled  gene tica l ly  by heritable  r e s is ta n c e ” . 
C om ponen ts  re leased  from d is in teg ra t ing  b a c te r ia  o f  th e  heavy  inocu lum  in te r ­
fere w ith  th e  effect o f  s trep tom ycin  o n ly  s ligh tly ,  b u t  yield m e tabo li te s  lack ing  
f rom  th e  m edium .

M u tan ts  iso la ted  by the  use of  am inoglycoside  antibiotics b e h a v e  pe­
cu lia r ly  as th e y  f req u en t ly  show a defic iency  in p o rphyrin  synthesis . S t r e p to ­
m ycin  acts  s im ilarly  on eukaryo tes :  it su spends  chlorophyll synthesis  i r reve rs i­
b ly  [15, 16]. As an effect of th is  an t ib io t ic  Euglena gracilis cells lose th e i r  
p ig m e n ta t io n  b u t  re ta in  their p las tid  s t ru c tu re  [15, 18]. I f  u l t rav io le t  i r r a d ia ­
tion  affects in an isolated m an n e r  only  th e  c y to p la sm  of Euglena, p ig m e n t  
p ro d u c t io n  ceases. Ir rad ia tion  of th e  nucleus fails to  exert th is  effect [19, 20 ] .  
O f th e  papers  p u b lished  since 1962, t h a t  of 11а \ г and  H a n a w a l t  [21] m u s t  be 
m en tioned .  These au th o rs  assum ed  th a t  th e  chloroplast  possesses i ts  own 
D N A  responsible  for inform ation on  ch lo rophy ll  p roduction  and  t h a t  th is  
nucleic acid is d if fe ren t  from th a t  p re se n t  in t h e  nucleus. The ch lo ro p la s t  r ib o ­
somes are also specific and different from  th o se  o f  th e  nucleus [22].

A ccording to  th e  model of S c h i f f  a n d  Z e l d i n  [23] s t re p to m y c in  in ­
duces a deficient D N A  polym erase on p las t id  m -R N A  and ribosome com plex .  
T h is  defective  D N A  polym erase w o u ld  e v e n tu a l ly  lead to plastid  loss asso c ia ted  
w i th  p e rm a n e n t  b leach ing  of E uglena . A l th o u g h  th is  a lte ra tion  c a n n o t  be  con ­
sidered a m u ta t io n  in the usual sense, its re s u l t  is identical w ith  t h a t  o f  th e  
la t te r .  D espite  th e  fact t h a t  several a u th o rs  descr ibed  the  m u tagen ic  e ffec t of
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s t re p to m y c in ,  th is  a n t ib io t ic  has not been in c lu d ed  in the  list o f  m u ta g e n ic  
ag en ts .  S trep to m y c in  h as  been  shown to be  m u ta g e n ic  for the  non -ch rom osom al 
d e te rm in a n t  o f  C hlam ydom onas  [24], an d  also for the hos t  range m a rk e r  o f  
T 2 p h a g e  [25]. T h e  d iscoloration  of E uglena  induced  b y  s t re p to m y c in  has  
b e e n  regarded  as m u ta t io n  [26] as well as t h e  d isappearance  of  ch lo rophy ll  
f ro m  th e  sp rou ting  on ion , where th e  an t ib io t ic  caused  m orphologically  d e m o n ­
s t r a b le  ch rom osom al abe rra t ions  [27].

S trep tom yc in  a t t a c k s  prim arily  th e  cy to p la sm ic  m em brane  [28]. L a n d - 

m a n  a n d  B u r c h a r d  [29] assum ed th a t  th e  m e m b ra n e  contains an e x t ra n u c le a r  
f a c to r  tak in g  p a r t  in  m e m b ra n e  synthesis . S trep to m y c in -d ep le ted  d e p e n d e n t  
m u t a n t s  fail to  p ro d u c e  a norm al cy toch rom e  sys tem  [30]. S t re p to m y c in  re ­
s i s t a n t  Salmonella  L -fo rm s do no t  yield b a c te r ia l  r ev e r tan ts  in th e  absence  of  
th e  an tib io t ic .  S t re p to m y c in  depletion causes  a h e red i ta ry  a l te ra t io n  in  cell 
w all  p ro duc tion  [31]. U n d e r  physiological cond it ions ,  ap p rox im ate ly  1/4 of  all 
b a c te r ia l  ribosomes in te g ra te  to  th e  m e m b ra n e  w here ,  bound  to  m -R N A , th e y  
e x e r t  a specific te m p la te  func tion  [32]. T he  m ode l  e labora ted  by  J a c o b  et al. [33] 
r e f le c ts  the  associa tion  of  bacteria l  ch rom osom e a n d  m em brane. This assoc ia ­
t io n  h as  been p ro v e n  p a r t l y  by  electron m icroscopic  studies [34] p a r t l y  b y  
b iochem ica l  e x am in a t io n s  ind ica ting  t h a t  D N A  rep lication  took  place in  th e  
m e m b r a n e .T h e  m e m b ra n e  frac tion  c o n ta ined  1/4 o f  th e  D N A  po lym erase  [35].

Does the b a c te r ia l  m em b ran e  con ta in  an  in teg ra ted  ch rom osom al seg­
m e n t  m ore or less in d e p e n d e n t  from  nuc lea r  D N A  and does it  su p p ly  in fo r­
m a t io n  for th e  sy n th es is  o f  the  m em b ran e  a n d  i ts  enzymes ? The q u es t io n  is 
f a r  f ro m  being i r ra t io n a l .  P a r t  of the  D N A  is closely connected w ith  th e  cell 
w all .  B i s h o p  et al. [36] showed the  presence  o f  deoxyribonuclease re s i s ta n t  
D N A  in carefully iso la ted  cell wall p re p a ra t io n s  o f  B . subtilis. I t  w ou ld  be  in ­
c o n s is te n t  w ith  th e  eco n o m y  of na tu re  i f  en zy m es  associated w ith  th e  m e m ­
b ra n e  including th e  po rp h y r in -co n ta in in g  cy toch rom e  system , were n o t  
p ro d u c e d  locally. In  B . subtilis  there  was a difference in f requency  be tw een  
m em b ran e -as so c ia ted  a n d  cellular D N A -tran s fo rm ab le  m arkers .  T h e  p ro ­
p o r t io n  o f  origin an d  te rm in a l  m arkers  w as h ig h e r  in the  m e m b ra n e  f ra c ­
t i o n  th a n  in cellular D N A  [37]. This f in d in g  is in  agreem ent w ith  th e  fac t 
t h a t  ch rom osom al re p l ic a t io n  begins in th e  m em b rane-associa ted  D N A  [38].

S trep to m y c in  e x e r ts  its action  f i rs t  on  th e  bacteria l  m em b ran e  where 
i t  causes  an increase in  t h e  efflux of  К  ions a n d  a tran s ien t  s t im u la t io n  o f  ne t  
R N A  synthesis  [39]. I n  th e  light of th e  ab o v e  observa tion  it  is t e m p t in g  to  
sp ecu la te  on the possib le  m u tagen ic  ac t ion  o f  s t rep to m y c in .  I t  seems conce iv ­
ab le  t h a t  s t re p to m y c in ,  a cationic agent, m a y  re a c t  w ith  the  s trong ly  anion ic  
D N A  a t ta c h e d  to  t h e  m em b ran e .  This r e a c t io n  m a y  result in fa ilures in  th e  
rep l ica t io n  of th e  co rrespond ing  segm ent of  chrom osom e.

T h e  m u ta n ts  descr ibed  in this r e p o r t  a re  being subjected  to  gene tic  
in v es t iga t ion .
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