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F O R E W O R D

A sym posium  w ith the  title  Bacterial Transformation and Bacteriocinogeny 
was held in B udapest from  A ugust 13 to  16, 1963, sponsored by th e  H u n g a­
rian  Academ y of Sciences. The purpose of th is  Symposium  was to  m ake an 
a tte m p t to  exam ine some recent developm ents in  certain  avenues of molec­
u lar genetics and  it  was so designed to  bring scientists together to  report 
recent findings. The th ree  sessions o f the  Symposium  were devoted to  tra n s ­
form ation, bacteriocinogeny, and  DNA specificity and cell regulation and 
on each o f th e  sessions authorities of these topics presented tw o inv ited  
lectures followed by  con tribu to ry  papers. The one-day excursion to  
Lake B alaton  offered a fu rth e r opportun ity  for inform al exchanges of ideas 
and  discussions. The papers given by  th e  invited  speakers and  contributors 
and  the  discussions are presented in th is volume. An a ttem p t has been m ade 
to  m aintain  the  conversational tone o f the extensive discussions, however, 
i t  is unfortunate , perhaps, th a t  th e  published proceedings does no t record 
them  com pletely. W e wish to  express our appreciation to  the  m any people 
whose contributions m ade th e  Symposium successful, and especially those 
who gave advice to  us during th e  program m ing stage, the  speakers and 
chairm en. T hanks are due to  the  co-operation of those who devoted efforts 
in arranging and  running th e  program m e. P articu la r thanks are due to  D r 
K. Szende who assisted in  over-all editorial duties of th e  arrangem ents for 
publication of th e  proceedings. G ra titude is expressed to  Mrs É. Szelei 
who provided secretarial services in th e  early  phase of the  Symposium  and 
for helping the  indexing and for checking the  page proof. Acknowledgem ent 
is gratefully  m ade to  th e  Akadém iai K iadó, Budapest, publishing th is 
sym posium  volume.

The Organizing Committee

B. G Y Ő R F F Y  
T. S IK
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O P E N I N G  A D D R E S S

By

F. Bruno  Straub

SECRETARY OF THE BIOLOGICAL SECTION, 

HUNGARIAN ACADEMY OF SCIENCES, BUDAPEST, HUNGARY

On behalf o f th e  H ungarian  Academ y of Sciences I  am  glad to  welcome the  
partic ipan ts  of the  Symposium on Bacterial Transformation and Bacterioci- 
nogeny.

As a biochem ist I  am  n o t in a position to  m ake wise in troducto ry  com m ents 
on the  sub ject of th is  Symposium , although it  is clear to  a biochem ist th a t  
th e  analysis o f transfo rm ation  phenom ena has influenced contem porary  
biochem istry quite profoundly. Our ideas on genetic inform ation and  on 
inform ation transfer are based on th is p articu lar field. I  am  glad to  see th a t  
well-known scientists from  different countries have come to  us to  discuss 
some aspects o f the  presen t s tan d  o f research in th is field. I  th ink , one of th e  
g reat problem s of science still unsolved is the  problem  of inform ation tra n s ­
fer betw een scientists. Maybe, th e  stu d y  of biological inform ation and  in ­
form ation transfer will help us perfect our m ethods for scientific in form a­
tion  transfer and  inform ation retrieval.

Such a Symposium  seems to  me like an  in tellectual episomal effect, and 
I  hope th a t  some new though ts in troduced  in to  these ta lk s will m anifest 
them selves in  new m edia and  produce new results. Our A cadem y of Sciences 
is giving special a tten tio n  and  help to  the  biological sciences now adays, as 
we have realized th a t, in spite o f sca tte red  successes in some fields, we have 
several shortcom ings in basic biological research, and, in particu lar, we did 
n o t do enough in th e  p as t to  help basic research in genetics.

The convening of th is Sym posium  is one of th e  m easures to  help geneticists 
and  the  field o f m odern microbiology. I  sincerely hope th a t  th is Sym posium  
will, a p a rt from  fu rthering  in terna tional understanding, give m uch s tim u la t­
ing intellectual pleasure for partic ipan ts.

T hank you !
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I N T R O D U C T O R Y  R E M A R K S

By

B arna  G yő rffy

DIRECTOR, INSTITUTE OF GENETICS,

HUNGARIAN ACADEMY OF SCIENCES, BUDAPEST, HUNGARY

I t  is m y privilege and  honour to  heartily  welcome you in th e  nam e of the  
Organizing C om m ittee and of the  H ungarian  geneticists, on the  occasion of 
the  Symposium on Bacterial Genetics held for the  first tim e in H ungary.

The task  of the  opening th is Symposium  is no t only a g rea t honour to  
me, b u t a  source of deep personal gratification.

Genetics has come to  occupy a key position in m odern biology and, re­
cently, to  serve as a focal po in t also for biochem istry, physical chem istry, 
virology and  so on. The extensive studies m ade during th e  las t decade re­
sulted in  a  sh ift from the  classical approaches of genetics to  the  molecular 
view o f the  mechanism  of heredity , which residts in reiteration  of th e  danger 
in the  u n ity  of genetics.

Before beginning our sessions, we should do well to  tak e  a little  tim e off 
for considering the  topic of th is Symposium and  its  perspectives in th e  gen­
eral scheme of genetics.

I t  was already in the  last q u arte r of the  19th cen tury  when Wilson s ta t ­
ed: “T he transm ission of a specific substance or idioplasm, which we have 
seen reason to  identify  w ith chrom atin, the  general role of the  nucleus in 
m etabolism  is of v ita l im portance to  the  theory  of inheritance. The cy to ­
plasm  is, in a m easure, th e  substra tum  of inheritance, b u t it is so only by 
v irtue of its relation to  th e  nucleus, which is — so to  speak the  u ltim ate  
court of appeal. The nucleus cannot operate w ithout a cytoplasm ic field in 
which its  peculiar powers m ay come into play, b u t th is field is created 
and  m olded by itself. B oth  are necessary to  developm ent, although the  
nucleus alone suffices for th e  inheritance o f specific possibilities of devel­
opm ent.”

Since th a t  tim e rem arkable progress has been m ade in our understanding  
o f the  basic m echanism of heredity, m any m ajor and  exciting problem s were 
solved along th e  avenues of the  classical genetics, and during th e  last decade 
genetics has been developing spectacularly  fruitfully , w ith ever increasing 
speed, and brillian t advances have been achieved, particu larly  in the  field of 
m olecular genetics. W hile th is revolutionary and triu m p h an t genetics (as 
Sonneborn paraphrased) m akes an unexpected and  illum inating substan tial 
progress from one week to  the  other, there seems to  be also a certain  am ount 
of anxiety  th a t  there is a fundam ental difference between the  classical gene­
tics and  th e  m olecular genetics th a t  m ay cause an unbalance in the  fu ture 
developm ent of genetics. I  th ink , i t  is wrong to  m ake such a characteriza­
tion, as the  difference is far from being fundam ental. There is only a differ­
ence in the  aspects of m ethodology.
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I  do n o t agree w ith  th e  som ew hat exaggerated views th a t  every problem 
o f genetics will sooner or la te r be solved in molecular term s and  th a t  the 
form al genetics of the  fu tu re  will consist in m atching in te s t tubes DNAs 
and  messenger RNAs from  vegetative or som atic cells, or th a t  th e  m olecu­
lar genetics is no t genetics a t  all b u t m uch more biochem istry or biophysics. 
I  am  convinced th a t  the  molecular genetics attack ing  first the  basic problem s 
by sim plifications a t  the  m olecular level, will proceed fu rther to  the  next, 
more com plicated sets of problem s a t  th e  cellular, individual and  even a t 
the  population level, like it has been done by the  classical genetics. The 
fu tu re balanced in tegration  of bo th  genetical aspects is obvious.

I t  seems very often th a t  the  problem s of m olecular genetics predom inate 
and  are m uch more in the  focus of in terest th an  any others. I  firmly believe, 
however, th a t  th e  X l th  International Congress of Genetics in some weeks a t  
The H ague will witness to  th e  balanced progress in m any fields of genetics.

Considering the  p ast and  presen t progress as well as the prospects of 
genetics, th e  prediction seems not to  be im probable th a t  there are th ree 
main avenues along which th e  genetics will progress in the  foreseeable future: 
first, the  m olecular and  cellular level analysing th e  fu rther details of classi­
cal chromosom al heredity  as well as th e  extrachrom osom al inheritance, 
second, the  individual level a ttack ing  th e  still fa in tly  explored genetical 
problem s of d ifferentiation and  developm ent, and lastly , th e  population 
level revealing th e  fundam ental problem s o f evolution.

F rom  th e  general geneticist’s po int o f view, I  th ink , m any of th e  problem s 
o f m olecular genetics and molecular biology to  be discussed in the  coming 
sessions are in in terrelations w ith m any o ther classical fields of genetics 
and  a correlation can only con tribu te to  the  balanced un ity  of genetics.

*

Now I  wish to  recall a few phases of th e  sto ry  of th is  Sym posium . I t  w a 
already two years ago when it  was proposed to  the  H ungarian Academ y 
o f Sciences th a t  a Symposium on bacterial genetics should be held in 1962 
in  B udapest. Owing to  the  severely lim ited possibility to  sponsor such a 
special Symposium, th e  subject to  be considered was lim ited to  bacterial 
transform ation. However, the  organization of the  Symposium was postponed 
until th is year, which afforded the  opportun ity  for correlating it in  some 
way w ith th e  International Congress of Genetics as well as w ith th e  Third 
Erwin Baur-Gedächlnisvorlesungen to  be held before the  Congress a t  The 
Hague, in G atersleben. W hen the  arrangem ents of the  Symposium  really 
s ta rted  a t  th e  end of the  last year, i t  was tho u g h t more profitable if  the  
subject of the  Symposium  would be extended to  bacteriocinogeny, in which 
field results have been achieved also in H ungary.

I t  was a courageous step, indeed, th a t  we took over when we s ta rted  th is 
Symposium  and we sen t our first inform al letters to  m any of the  research 
workers who had m ade significant advances in these areas. However, the 
response was far beyond our expectations and  even th e  in te rest aroused 
m uch g reater th an  we could have im agined. Thus, tak ing  in to  account th a t, 
owing to  o ther com m itm ents, several of th e  leading workers in transfo rm a­
tion had declined our inv ita tion  and  as a  resu lt of the  replies from  those able 
to  come to  B udapest and  partic ipate , we decided to  ex tend  th e  topics for 
discussion also to  problem s o f regulation.
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Our idea was th a t  th is  Sym posium  should give an  o p portun ity  to  exam ine 
th e  cu rren t s ta tes of research work in  certain  avenues, to  hear th e  p resen ta ­
tions of personal contributions to  the  progress, to  discuss problem s of m u tua l 
in terest, and  last b u t n o t least, to  s trengthen  th e  links betw een scientists 
of different nations.

Our desire, to  have a Symposium on bacterial genetics here in B udapest, 
is now realized and we are proud of such an élite gathering  since m any o f 
our guests who accepted our inv ita tion  and  have undertaken  the  effort 
to  come here contribu ted  rem arkably  to  our understand ing  of the  basic 
problem s o f genetics. On the  o ther hand, we regret very m uch indeed 
th a t  Professor Bresler, D r Goldfarb, Professor M aal0eand Professor S hugar 
canno t be here am ong us.

In  spite of all our efforts, we know, there  are also fau lts in  our arrange­
m ents, therefore we earnestly  request you to  bear in  m ind th a t  we are  
really rank  am ateurs in  th is kind of work and  overlook our errors. We 
will do our best to  ensure th a t  these shortcom ings are outweighed by our 
efforts and  good-will, and  we hope th a t, w ith  your sincere co-operation and 
understanding, the  Symposium  will be successful.

In  conclusion, I  would like to  express appreciation to  the  H ungarian  A cad­
em y of Sciences for accepting our proposal and  sponsoring th is  Symposium. 
I  should like to  th an k  also all those who so graciously collaborated in th e  
arrangem ents and are now assisting in the  running  of the  whole o f th e  Sym ­
posium.

So now, on behalf o f th e  Organizing Com m ittee, i t  is my p leasant d u ty  to  
declare th e  Symposium on Bacterial Transformation and Bacteriocinogeny 
open.

T hank  you!
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The transform ation  o f receptive bacterial cells by  isolated deoxyribonucleate 
(DNA) from related  strains provides one o f th e  sim plest genetic systems. 
Since th e  classic work of Avery e t al. (1944) it has become increasingly 
clear th a t  th e  active DNA is a  simple form of th e  genetic m ateria l th a t , o r­
ganized into chromosomes, is p resent in alm ost all living organisms. The 
dem onstrations th a t  a  varie ty  of bacterial properties, such as drug resis­
tances and various enzym atic tra its , are sim ilarly transferred  by DNA 
justifies th e  expectation th a t th is determ inan t m aterial represents the 
functional m atte r of m any genes, as well as m any kinds of cells.

The advantages of th is genetic system  over m ost o ther ones is th a t  the  
genetic m ateria l can be m anipulated  chemically and  physically to  a far g rea t­
er ex ten t when it  is in  the  form of isolated DNA th an  when it  is p resent in 
cells, nuclei or even viruses. F o r in these o ther cases, the  biological ac tiv ity  
can no longer be estim ated  if the  m anipulation has seriously altered  the  com ­
plex container in which the  DNA is carried. Therefore, w ith transform ation  
system s one has the  opportun ity  to  investigate the  chemical and  physical 
properties o f genetic m aterial, its  sensitiv ity  to  chemical or physical change, 
th e  creation of m utations, the  s tru c tu ra l requirem ents for its ac tiv ity . In  
w hat follows, I  shall discuss some recent work which, utilizing th is approach, 
begins to  show complex behavior previously no t known to  be associated 
w ith single particles of DNA.

L et us first recall th a t  when the  results o f a transform ation could be m eas­
ured q u an tita tiv e ly  (H otchkiss 1951), it was found th a t  m ost pairs of 
tra its  carried by DNA were separately  in troduced into different cells. Thus, 
for a p a ir of m arkers X  and F , independent transfo rm ants T  were found:

eells(wild) +  t)NA(Al') gives T x  and T y

The double transfo rm an t T XY, if recovered, appears only in th e  low frequen­
cies resulting from successive single transform ations. On the  o ther hand, if 
m arker Y  is linked to  Z  (M arm ur and H otchkiss 1960):

eells(wild) +  D N A (A 1'/?) gives T x  +  T YZ +  T y  +  T z

In  such cases, th e  linked pair Y Z  seems to  be carried by a single DNA p a r ­
ticle, which undergoes separation by recom bination whenever T Y or T  z are 
produced. Most pairs of m arkers behave independently  like X  and Y .

One set o f linked m arkers o f Diplococcus pneumoniae, designated Sadb, 
was occasionally transform ed together, Sadb or adb, b u t was generally sepa-
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ra ted  into th e  sm aller units, Sa, ad or d or 8 , etc. (In these, 8  represents 
strep tom ycin  resistance, a, d and  b are separably identifiable sulfonam ide 
resistance tra its  m anifested in a folic acid synthetase.) The hypothesis was, 
therefore, proposed th a t  there was a size lim itation on the  am ount of gene­
tic m aterial th a t  could be effectively transferred  by transfo rm ation  (H otch­
kiss 1958, Balassa and  P révost 1962). R ecom bination was also being investi­
gated  a t  th is tim e in the  population of DNA particles resulting from  infection 
of single cells w ith m ixed bacteriophages (Chase and  D oerm ann 1958, S tein­
berg and E dgar 1962, L uria  1962). We proposer] to  explain th e  qu an tita tiv e  
anom alies (non-additiv ity  and  high coincidence o f m ultiple transfers) in th is 
and  o ther finely analyzed system s as due sim ply to  one-directional transfer 
or copying of sho rt regions of the  DNA strands. In  th is view, th e  usual recom - 
bination event in DNA strands is a double one (switch-over and  nearby 
switch-back) so th a t  those exchanges observed in th ree-factor crosses, in 
which one is obliged to  form ulate as double events, would still be ord i­
n ary  ones. Consequently, their frequent occurrence is expected and  there 
is little  or no actual ‘high negative in terference’. B y adhering to  th e  single 
even t (one switch-over) as the  u n it recom binational process, phage gene­
ticists have had to  postu late  no t only double, b u t trip le and  quadruple 
events, all clustered in, and  occurring often in actively recom bining regions 
o f DNA (Luria 1962).

Since th a t tim e, it  has seemed more doubtfu l w hether there is any  sharp 
basis for distinction between the  small m olecular strands of DNA and the  
often  far larger strands of chromosomes. I f  there is, it will probably  be m ost 
im p o rtan t to  learn in w hat way individual DNA molecules are joined to  
each o th e r—perhaps by cations, organic bases or o ther substances—in 
m aking up th e  large chromosomes. I f  there  tu rn s  o u t to  be no im portan t 
discontinuity  between th e  DNA molecule and  th e  chromosome, then  it  will 
become all th e  more significant to  understand  how DNA molecules behave 
in the  recom bination th a t  occurs in bacterial transform ation.

By a stu d y  of the  effect of DNA concentration and  of tim e of exposure to  
DNA on transform ation  yield, i t  has been possible to  determ ine how m any 
particles of DNA are required  to  effect transform ation  of one cell. This 
represents some advantage over th e  phage recom binations which occur 
between ill-defined populations of phage genomes increasing by  synthesis 
and  decreasing by m atu ra tion  b u t num bering perhaps several hundred 
particles w ithin each host cell random ly infected w ith a few phages of each 
kind.

In  an  early work w ith the  non-quan tita tive  antigenic m arkers, there  was a 
rough proportionality  between DNA concentration and  th e  num bers of 
sub-populations o f bac teria  in which transfo rm an t cells were detected  
(M cCarthy et al.1946, R avin 1954, Stocker e t al. 1953). When individual tran s­
form ed cells could be counted by  the  use o f the  q u an tita tiv e  selective tra its , 
i t  was shown th a t  transformation yield was sim ilarly re la ted  to  DNA con­
centration (Hotchkiss 1951, 1957). In  th e  useful cases o f streptom ycin  resis­
tance transfo rm ation  o f bo th  Pneumococcus (H otchkiss 1957) and  Hemo­
philus influenzae (A lexander e t al. 1954), i t  was shown th a t  th e  num ber of 
transform ed cells was proportional to  DNA concentration over a lOOOfold 
range. I t  was concluded from such work th a t  a single partic le o f DNA reac t­
ing with a  cell is sufficient to  bring abou t a single transform ation  for the
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m arkers which i t  contains. The fact th a t  unlinked m arkers were co-transform  - 
ed a t a frequency which is approxim ately  th e  product o f th e  individual 
m arker frequencies (Hotchkiss 1951, M arm ur and  H otchkiss 1960) indicates 
th a t  practically  all th e  cells are equally transform able. This relationship 
was shown by Goodgal (1961) to  apply over a wide concentration range. 
C o-transform ation of linked m arkers, on the  o ther hand, rem ains a  linear 
function o f concentration in constan t proportion to  single transform ations 
(M arm ur and H otchkiss 1960, Balassa and P révost 1962, Goodgal 1961). 
Thus, one m ay approxim ately  characterize a  linkage relation by  the  ratio  
o f th e  frequencies o f th e  linked group to  one o f its constituen t m arkers. 
We m ay now rew rite the  expression given above as

w ith corresponding tw o-step transform ations when DNAse is also present-
In  a recent work w ith  D r Jo an  K ent, we have been able to  m easure tra n s ­

form ation yields a t  a  constan t DNA concentration as a function of duration  
of exposure tim e of cells to  DNA. This approach takes the  advan tage of the  
uniform  tim e-course th a t  can be observed for the  reaction between cells 
and  DNA a t 30° (Fox and  H otchkiss 1957), a tem peratu re  below th a t  a t 
which the  cells are norm ally grown. The exposure is controlled by adding 
th e  DNA a t  a known tim e and term inating  contact by adding a t  chosen 
tim es pancreatic deoxyribonuclease to  break down the unused DNA.

Linear ra tes of en try  are found for individual m arkers, and  these ra tes 
are characteristic of the  m arker (K ent and H otchkiss 1964). A t a given 
concentration of DNA bearing several m arkers, the  relative effectiveness 
and  concentration of different m arkers can in th is way be very accurately 
determ ined. F igure 1 illustra tes th a t  linear ra tes of en try  are obtained also 
for linked m arkers, although th e  lowest rates shown are perhaps 3 per cent 
of the  ra tes for single m arkers. The relative slopes for the  linked and single 
m arkers in a  DNA solution give a m easure of the  co-transform ation effici­
ency or linkage of a m arker pair, far more reliable and characteristic of 
th e  linkage group th a n  when a single tim e po in t is used.

In  th is way, it  was possible to  show th a t  from  a linkage group of th ree 
m arkers, all three, or any  pair, including the  two outside m arkers can be 
taken  up as a result of con tac t w ith single DNA particles. An exam ple of 
th is last case is the  in troduction of m arkers S  and  d  from group Sad (K ent 
e t al. 1963). In  all th e  cases in which th is 1-3 incorporation occurred, it 
proceeded linearly w ith  tim e, although a t  a very  low rate . Therefore, it  
seems to  be dem onstrated  th a t  a  single DNA particle entering a recipient 
cell m ay donate to  th e  la tte r  tw o separate portions of itself in a recom bina­
tion  event in which four breakage-fusion events have occurred. A very 
in teresting  finding is th a t  th is more complex kind of recom bination v irtually  
disappears when th e  transform ation  is carried ou t a t the  ‘norm al’ growth 
tem peratu re  of 37° (K ent e t al. 1963).

cells(wild) +  D N A X -f  D X A V gives T  nnd  T y
Tx ~\~ l^NAy 
T y +  D NA X

while in th e  case o f the  linked pair

cells(wild) +  I)N A kz gives T y Z +  T y  +



Thus, we m ay conclude 
th a t  a single DNA stran d  
is able to  transfer non-ad ja­
cent m arkers in a transfo rm a­
tion  event; th is is one of the 
way s DN A m ay behave .There 
m ay, however, be restric ting 
influences, favored perhaps 
by evolution, which re ­
duce th e  ex ten t o f such 
complex events unless the  
DNA pairing contact is 
m aintained abnorm ally long 
by unphysiological condi­
tions. As m entioned, th is 
type o f event seems to  
occur in populations of 
growing phages, b u t it is 
difficult in th a t  case to  de­
term ine the  num ber of p a r t­
icles involved and  w hether 
the  tru e  num ber of switch 
events is the  sam e as th a t  in ­
ferred. W hen tw o m arkers 
coming from separate  donors 
(m ixed DNA) are incor­
porated , the  transfer ra te  
is always quadratic , show­
ing th a t  exactly  tw o DNA 
particles are needed to  p ro ­
duce th e  paired  tran sfo r­
m ation. This is also tru e  for 
unlinked m arkers coming 
from the  same donor (K ent 
and H otchkiss 1964) (see 
Fig. 2) and for previously 

linked m arkers a fte r subcritical heat inactivation (localized depurination) 
(K ent e t al. 1963).

In  sum m ary, these new kinetic criteria for transform ation  ra tes give 
strong indications th a t  th e  num ber o f DNA molecules involved in particu la r 
transform ations o f individual recipient cells are as follows.

Transformations effected by single D N A  molecules: (1) single m arkers, 
(2) linked m arkers from  single donors, (3) pairs of m arkers from 
linkage group even when in term ediate  m arkers are not incorporated.

Transformations requiring two D N A  molecules: (1) unlinked m arkers from  
single donors, (2) m arkers o f a linkage group when derived from  different 
donor strains (in m ixed DNA of the  tw o strains, (3) a  small proportion of 
linked m arkers (proportional to  single transfo rm ation  frequency) m ay en ter 
by successive transform ations by tw o molecules from  th e  same strain , 
(negligible, except when concentration of DNA is high or tim e o f expo­

0 4 8 12 15 20 25 30 mm
duration of exposure to DNA

F i g . 1 .—R a te  o f accum ula tion  o f  specified tr a n s ­
fo rm an ts  as a  func tion  o f exposure o f d  cells to  
S a  D N A . T he tr ip le  tra n s fo rm a n t S a  +  ( th a t  is 
S a d + o r SaD )  is p roduced  as freq u en tly  as th e  
doub le  S a d . T he  class S d + (or S I ) )  includes tw o 
types; by  su b tra c tin g  th e  values for th e  d irec tly  
m easured  classes, S d + m in u s S a +, one o b ta in s  
th e  ‘doub lesw itch  reco m b in an ts ’, S a +d + (or 
S A D ) . (S  =  s trep to m y c in  resistance , a and  
d  =  d ifferen t d is tingu ishab le  su lfonam ide re s is­

tan ce  factors)
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sure is prolonged), (4) linked m arkers from the  same donor, when localized 
depurination  or o ther dam age has in ac tiv a ted  m any o f th e  individual 
m arkers.

One corollary of th is  finding is th a t, while pairing of DNA molecules 
gives increased opportun ity  for linked m arkers to  be incorporated, it does 
not substan tially  decrease th e  probability  for a  second DNA partic le  to  
donate m arkers to  th e  same or different p a r ts  of the  sam e cell genome.

i t  has been pointed ou t th a t  m arkers appearing to  be unlinked m ight 
really be p a r t  of the  sam e s tru c tu re  b u t m erely so far a p a rt th a t  the  large 
s tru c tu re  was unable to  be incorporated  a t  once (H otchkiss 1958). Balassa 
and  P révost have m ade more detailed  calculations of such probabilities by 
assum ing a size-influenced incorporation (Balassa and  P révost 1962) in ­
stead  of a m axim um  size-lim ited one as was done earlier (H otchkiss 1958). 
I t  now seems th a t  th e  k inetic criteria  described above are able 
to  show th a t  m ost, if no t all, of th e  ‘un linked’ double transfo rm a­
tions we have observed do indeed involve m arkers o f separate  molecules.

This ty p e  of analysis is proving to  be of value in th e  s tudy  o f an o th ­
er new feature of transform ation , involving apparently heterozygotic 
regions of DNA. This work is largely carried ou t in collaboration w ith  Dr 
Mihoko Abe and is now in p repara tion  for detailed  publication. A sulfonamide 
resistance m arker, c, discov­
ered some tim e ago in work 
with Miss E vans (H otchkiss 
and  E vans 1958), had been 
observed to  be ‘u n stab le’ 
when strains containing it 
were repeatedly  passed for 
m any generations. W hen 
reexam ined by Dr Abe, it 
was found th a t approx i­
m ately one progeny cell from 
each five or six divisions 
(1 in 32 to  64 cells) lost its 
sulfonam ide resistance.
Since the  sensitive cells p ro ­
duced were stable and  in ­
distinguishable genotypical- 
lyor phenotypicallv, from 
wild ty p e  ( +  ) cells, the 
process appears to  be as 
shown schem atically in Fig.
3. The unstable c strains 
arising either by m utation  
or by transform ation  give 
a  m ixed population. Taking 
advan tage of specific sulfo­
nam ide-related drugs, the  
population m ay be selected 
for its phenotypic tra its  
into tw o kinds. Selected in

F ie . 2. — R a te  o f accum ula tion  o f  un linked  m ark ers  
S  and  K  (s trep tom ycin  an d  m icrococcin resistance) 
a t  d iffe ren t D NA  co ncen tra tions. All th e  curves 
a re  essen tia lly  q u ad ra tic ; th a t  is, (tran sfo rm an ts) 1/2 

is a  lin ea r fu n c tio n  o f d u ra tio n  o f exposure
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sulfanilam ide (SA) th e  population becomes ‘p u re’ r cells, which, however, 
soon lead to  production of wild ( 4 )  cells again. Selected in para-nitrobenzoic 
acid (NOB), selection is against c cells, and  a wild ty p e  population results 
which shows no ab ility  to  tu rn  back into, or recom bine to  give, resistan t 
cells again.

growth

© ©©©

F ig . 3 .—Schem e o f  g row th , segregation  an d  selection of 
r su lfonam ide re s is ta n t cells

This could be viewed as a m u tation  w ith  a high reversion ra te , b u t it 
appeared  like a segregation of a c m arker aw ay from  some heterozygotic 
form which contains bo th  th e  c and  its w ild-type allele C. This heterozygotic 
form could be an  overlapping stru c tu re  of some sort, or some episome-

@ ©
F ig . 4 .—Schem e show ing segregation  o f c, an d  tw o kinds 

o f cd cells

bearing form as suggested by th e  very  in teresting recent work of D r Wa- 
tanabe , reported  a t  th is  Sym posium  and  elsewhere (W atanabe 1963). 
The com bination of m arker c w ith  resistan t strains a and  b th rew  no light 
upon th e  m atter, for ac (or be) strains segregated or reverted  to  a (or b) 
s trains in th e  sam e w ay as when a and  b were no t present.

However, when we transferred  m arker c to  a a? strain , a closely linked pair, 
rd, was produced. Now, if  c merely m utates back in to  C, th en  cd s trains should 
change back only in to  d  s trains (Cd). B ut, if a heterozygotic s tru c tu re  c(C)



were the  basis of th e  c instab ility , one m ight expect th a t  th e  DNA carrying 
the  c m arker would som etimes in troduce its D  neighbor in to  the  cd strain .

This la tte r  is w hat apparen tly  happens. When cd s trains are exam ined 
by selection in the  drug para-nitrobenzoic acid, tw o types are found. 
One ty p e  can produce stable d  strains, while the  o ther gives bo th  stable 
d  and  ( +  ) types. The recovery of ( +  ) cells [CD] m eans th a t  m arker 
D  has also been in troduced presum ably  from th e  c donor (cD). Furtherm ore, 
when th e  c m arker leaves the  strain , it appears som etim es to  tak e  w ith  it 
th e  d, som etim es the  D , m arker.

The phenotypes found are sum m arized in Fig. 4. These results are exp lain ­
able if  the  c s tra in  carries m arker C unexpressed, and  the  cd s trains carry

F ig . 5 .—O verlap  m odel

in the  one case C  and  in the  o ther CD, in an unexpressed sta te . So we ex ­
am ined the  DNA of these strains for la ten t m arkers, no t expressed in the  
stra in  itself, b u t transferab le to  recipients o f the  suitable genotype. In  Table 
I  are shown th e  results. I t  is app aren t th a t  th e  suspected la ten t m arkers are 
all present. B y using the  sophisticated kinetic te s t for th e  linkage m en­
tioned above, i t  is found th a t  the  pairs cd and  CD  are linked to  each other, 
while c is n o t linked to  D. By an occasional recom bination, the  Cd type is 
formed and  segregates o u t as an apparen tly  stable product. I f  D  is no t p re ­
sent, th is is the  only detected  rearrangem ent; if  D  is present, the  CD  ty p e  
(wild type) segregates ou t even more frequently .

T A B L E  i

T ransform ing  agents rec\

P h en o ty p e In fe ri•ed geno type

c
C

cd
c

c  d

cd* CD
c d

Srd* CD
S c d

red from  ed stra ins  

T ransfo rm ing  ag en ts  recognized*

c

cd, c, d

cd, CD, c, d, D

Srd, cd, Sc, CD  (and S , c, d, D )

These findings indicate th a t  m arker c becomes more in tim ate ly  associated 
w ith  preexisting bacterial m arkers (d ) th an  it would be if it were borne on a 
free episomal particle. Since v irtually  all o f it  behaves th is way all of th e
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tim e, an episome seems 
to  be excluded. F u rth e r­
more, the  CD  or C m arkers 
so carried are no t func­
tional. This was learned 
from  th e  absence of a folic 
acid syn thetase having 
the  known drug sensitivity  
corresponding to  these 
m arkers (until recom bi­
nation  occurs). The DNA 
bearing these m arkers 
does n o t seem to  be in 
any  w ay physically ab ­
norm al. We will discuss 
these and  o ther studies 
on these strains in  more 
detail in la te r publica­
tions.

An adequate structu ra l 
model for th e  heterozy ­
gote cd (CD) should, th e re ­

fore, show th e  following properties: (1) tw o regions having duplicated  genes 
carried by (2) double-stranded DNA in bo th  regions, w ith  (3) possibility for 
recom bination between th e  tw o regions, b u t (4) w ith norm al DNA replication 
usually reproducing b o th  regions and  heterozygosity, however (5) these regions 
to  be asym m etric in th e ir relations to  th e  rest of the  genome so th a t  (6) crea­
tion  of gene product is n o t equal for both , therefore, presum ably, sites

F ig . (i.— M odel o f  pneum ococcal chrom osom e th a t  
w ould acco u n t for s ta b il ity  an d  b ehav io r o f cd (CD) 
s tra in s , i ß  =  possible sites o f  in itia tio n  o f rep li­
ca tion  and  o f  fo rm ation  o f  m essenger, CD, cd m a rk ­

ers in  he terozygo tic  region

e
F ig . 7 .— M odel o f  F ig . 6 a f te r  com m encem ent o f 
polarized s ing lestrand  (K ornberg) rep lica tion . N o te  th a t  
a t  cG th e  re s tin g  ends stab ilize  each o ther. N o te  also 
that, h e terozygosity  a t  E  w ould segregate a t  th is  n e x t 

d iv ision , w hile he terozygosity  a t  cd  is rep lica ted

of in itia tion  of RNA 
transcrip tion  (initiator, 
operator, punctuation) 
being absent or no t func­
tional in one of th e  tw o 
regions.

The first th ree  of these 
properties hold for a 
sim ple overlap model 
(Fig. 5). The last th ree  
properties seem more sa ­
tisfactorily  accom odat­
ed by  a  model which we 
have been considering 
for some tim e, the  one 
presented in Fig. 6. 
Doubtless, o ther models 
also would serve in v a ry ­
ing degrees, b u t th is one 
has th e  additional advan 
tage of giving a  chrom o­
some th a t  would appear
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to  be circular in  linkage tes ts  (and in electron m icrographs). I t  would allow 
stab ility  of th e  loose ends also during a ‘K ornberg  rep lication’ o f single 
strands (K ornberg 1961), s ta rtin g  from  opposite ends, as suggested in Fig. 7. 
I f  replication of bo th  strands actually  proceeded synchronously from  one 
end, as suggested by  recent autoradiographs of dividing Escherichia coli 
cells (Cairns 1963), th en  th e  ends could still hold each other.

More im portan t, th e  model gives asym m etric positions to  the  repeated  
regions cd and  CD. We m ay th in k  of cd as being associated w ith a site of 
in itiation of transcrip tion  (‘in itia to r’ or ‘o perato r’), perhaps to  the  righ t of 
d  in Fig. 7, which is absen t en tirely  a t  the  CD  end of the  s tran d  (a t B). 
This would no t affect th e  repeated  com plete replication of the  DNA including 
th e  overlap, b u t would p reven t form ation of any gene p roduct (‘m essenger’) 
from th e  (non-functioning) CD  part.

A lthough we were unaw are of it, th is model w ith  term inal redundancy 
had been suggested for phage heterozygotes some tim e before by  Streisinger 
and  discussed inform ally a t  various tim es, being finally sum m arized in  an 
excellent presen tation  by D r S tahl a t  th is Symposium. We have no t begun 
to  m ake as m any experim ental tes ts  of th e  model as he has outlined, b u t 
we m ay perhaps be considered to  have offered ano ther no t too  rigorous 
application of the model and  argum ents consistent w ith it. In  addition, it is 
of in terest th a t  we had a som ew hat different reason for considering the  
model: th e  balance of DNA replication, and  the  im balance of DNA function, 
in th e  tw o parts.

In  sum m ary, we can now s ta te  w ith some confidence th a t  recom bination 
in  transform ation  occurs betw een the  bacterial genome and one or more 
p a rts  of a single incoming DNA molecule. A second DNA molecule is not 
excluded from  acting on th e  sam e recipient cell subsequently , b u t th is p ro ­
cess can be distinguished from the  o ther by kinetic criteria. A t least one 
transfo rm ation  introduces a duplicate m arker or linked pair of m arkers to  
produce a heterozygotic s tructure . This s tru c tu re  is so constitu ted  th a t  only 
one p a r t  o f i t  is phenotypically  expressed in cell function. I t  is replicated 
in tac t, however, except th a t  an occasional recom bination occurs, w ith  the  
production o f a  stable segregant having a different assortm ent o f th e  m ark ­
ers in the  functional state .
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K I N E T I C S  O F  P R O V O K E D  C O M P E T E N C E  
I N  S T R E P T O C O C C A L  C U L T U R E S  A N D  I T S  

S P E C I F I C I T Y

B y

R o m a n  P a k u l a

INSTITUTE OF BIOCHEMISTRY AND BIOPHYSICS OF THE POLISH ACADEMY OF SCIENCES,
WARSAW, POLAND

T ransform ability  o f bac teria  is so fa r lim ited to  a small num ber of species 
and  w ithin these species only to  some strains. The ab ility  to  undergo tra n s ­
form ation is defined as com petence b u t th e  n a tu re  of th is phenom enon is 
n o t well understood.

A fter a careful s tudy  of com petence in streptococcal cultures, we found 
th a t  the  appearance of com petence resembles in m any respects the  kinetics 
o f accum ulation of enzymes and  toxins, such as streptodornase, s trep to ­
kinase, hialuronidase and  streptolysin  0 in cultures of these bacteria. We 
assum ed, therefore, th a t  streptococci do no t develop com petence u n til a 
substance produced by th e  cells them selves, which is capable of converting 
non-com petent cells in to  com petent ones, is accum ulated. This was found to  
be tru e  and a factor provoking com petence was discovered in  sterile super­
n a tan ts  o f transform able and  com petent streptococcal cultures.

Before the  characterization of th is factor, i t  has to  be m entioned th a t, 
under n a tu ra l conditions, com petence of streptococci develops only in m edia 
supplem ented w ith either serum  or album in. In  the  absence of these substanc­
es transform ation  does no t occur or, if present, is extrem ely low. The onset 
of competence, the  period of its  du ra tion  and  th e  tim e of its  disappearance 
are stric tly  dependent on the  size of the  in itial inoculum  in the  culture. The 
sm aller th e  inoculum  th e  la ter th e  appearance of competence. Thus, the 
conversion to  com petence o f th e  non-com petent bacteria  w ith  th e  use of 
th e  provoking factor can be dem onstrated  in tw o different conditions: (1) in 
cultures grown in th e  absence of serum  or album in, (2) in cultures grown 
in m edia containing serum  or album in. As for the  second condition, the  
culture is s ta rted  w ith a sm all am ount of initial inoculum and the  cells are 
exposed to  th e  action of the  provoking factor for 2 h before n a tu ra l com pe­
tence can be expected.

In  all experim ents, except one, the  first m ethod of com petence provoca­
tion was applied. The m arker used in the  transform ation  experim ents was 
streptom ycin-resistance.T he recipients and donors were group H  haem olytic 
streptococci and  strains o f Streptococcus sanguis, Types I, I I  and I /I I  regarded 
to  be closely re la ted  to  group H  streptococci. S trains of S . sanguis, Type I /I I  
share th e  C-polysaccharide characteristics of group H  streptococci.

W ith th e  factor provoking com petence available, the  following procedure 
of transform ation  was developed. B acteria grown in the  absence of serum  or 
album in for 2 h  were exposed to  the  action o f th e  provoking factor. A fter 
30 min, the  cells were spun down, th e  su p ern a tan t containing th e  provoking 
factor discarded, the  cells suspended in fresh medium, exposed to  the  action

3 Symp. Biol. Hung. 6 33
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F ig . —D evelopm ent o f  com petence in  a  cu ltu re  o f  s tra in  C hallis and  
th e  com petence-p rovok ing  a c tiv ity  o f su p e rn a ta n t flu ids p rep a red  a t  
tim es in d ica ted . T he com petence-pro  vok ing  ac tiv ity  w as t est ed on hom o­
logous o rgan ism s in  th e  absence o f  serum  or a lbum in . 0  =  com pe­
tence , X =  com petence-p rovok ing  a c tiv ity  o f th e  su p e rn a ta n t fluid

of DNA for 10 min and th en  allowed to  grow in the  absence of th e  antib io tic 
for 110 min for phenotypic expression. T ransform ants were scored a fte r 40 h 
a t  37° on blood agar plates containing 250 /tg/ml o f streptom ycin.

F igure 1 illustra tes tim e as a function of developm ent of com petence and 
of the  production of the  provoking factor in a culture of s tra in  Challis, a 
group H  streptococcus. As can be seen, com petence disappeared a t  the  end 
of logarithm ic phase of grow th h u t th e  com petence-provoking activ ities of 
th e  sterile su p ern a tan t fluids prepared even a fte r 1 7 h of grow th of the 
culture did n o t differ m arkedly from those prepared a t  the  tim e of m aximum 
competency.

The provoking factor can be precip ita ted  from th e  su p ern a tan t by am m o­
nium  sulphate (80-90%  satu ra tion) or by  cold ethanol (8 volumes). As shown 
in Fig. 2, th e  first m ethod of precip ita tion  is more efficient.

The provoking factor is hea t sensitive. Samples of am m onium  sulphate 
concentrates of provoking factor dissolved in n u trien t m edium, in 0.01 M 
phosphate buffer or in saline, all ad justed  to  p H 7.2, were heated for 10 min 
a t  tem peratu res indicated  in Fig. 3, and  then  th e ir com petence-provoking 
ac tiv ity  was tested . Obviously, non-satu rating  am ounts of provoking factor 
were used in order to  observe any decline of ac tiv ity  caused by heating. As 
can be seen in Fig. 3, th e  provoking factor seems to  be p ro tected  by some 
com pounds presen t in th e  n u trien t medium.

T he conversion to  com petence of non-com petent cultures w ith  the  use of 
the  provoking factor is tem peratu re  dependent. The provoking factor is no t
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active a t  0°, 10° and 20°
(Fig. 4). M aximum acti 
v ity  was observed a t  37°.
T em peratures higher th an  
40° could no t be tested, 
because they affect growth 
and  viability .

P rovocation of com ­
petence is also tim e de­
pendent. The efficiency 
of transform ation  was 
found optim al a fte r 25-35 
min of action of provok­
ing factor.

The provoking factor 
seems to  be ra th e r non- 
dialysable. Visking d ialy ­
sis tubings known to  re ­
ta in  particles of molecular 
weight g reater th an  1()4, 
were filled w ith crude 
concentrates of provoking 
factor and poured into 
glass vessels which con­
tained  20 volumes of 0.0]
M phosphate buffer. Some 
loss of ac tiv ity  was o b ­
served b u t it  was not 
higher th an  15-20%  of 
initial ac tiv ity . I t  seems, therefore, th a t  no cofactor is necessary for the  action 
of th e  provoking factor.

The efficiency of provoked transform ation  is dependent on th e  m edium  in 
which bac teria  are suspended for th e  tim e of action of the  provoking factor. 
This is dem onstrated  in Table I. The highest yield was observed when the  
provoking factor acted  on bacteria  in n u trien t medium. In  saline, which 
contained various am ounts of n u trien t medium, th e  efficiency o f conversion 
to  com petence was higher when more n u trien t medium was added to  the  
saline. Chloram phenicol in a  concentration of 7.5-10 mg/ml com pletely 
blocked conversion to  competence.

A given portion of provoking factor, concentrated  or not, can be used 
several tim es to  provoke com petence. Obviously, in th is k ind  o f experim ent, 
bac teria  were trea ted  repeatedly w ith  small am ounts of provoking factor, 
which were m uch below the  sa tu ra tin g  concentration of even a  highly 
active preparation. U nder such conditions, therefore, any irreversible fixa­
tion  of the  provoking factor by  the  first portion of cells should resu lt in the  
dim inution of th e  effect of action on the  second portion o f cells. This is, 
however, n o t so as can be seen in Table II. On th e  contrary , th e  effect of 
the  second application o f th e  factor is superior to  the  effect of its  first use 
and  the  results of th e  th ird  application are, on m ost instances, as good as 
those of th e  first one. We have no explanation for the  high ac tiv ity  of the

.§>5-
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2.5 5.0 7.5 10
volume o f provoking factor added, %

F ig . 2. —C om petence-provoking  a c tiv ity  o f  a  su p e r­
n a ta n t  fluid and  o f  crude co n cen tra te s  o f  p ro v o k ­
ing  fac to r. Q  = su p e rn a ta n t flu id , O  =  am m onium  
su lp h a te  p rec ip ita te  dissolved in 1/10 o f  th e  in itia l 
volum e, □  =  e th an o l p rec ip ita te  dissolved in  1/10 
o f th e  in itia l volum e, X =  am m o n iu m  su lp h a te  
p rec ip ita te  dissolved and  d ilu ted  to  th e  in itia l 
volum e o f s u p e rn a ta n t fluid used  fo r p rec ip ita tio n , 

I =  e th an o l p re c ip ita te  dissolved an d  d ilu ted  to  
th e  in itia l volum e o f su p e rn a ta n t fluid used for 

p rec ip ita tio n



T A B L E  I

Conversion to competence in non-growth media

M e d i a

Experiments
ET3

saline +  
25% of 
medium 

ET3

saline +  
15 % of 

medium 
ET3

saline -f 
5% of 

medium 
ET3

saline
ET3+7.5 
mg/ml of 
chloram­
phenicol

1................. 200 • 104
transform ants/m l

100%
01.0% 32.2% 10.1% 7.1% 0

2 ................. 334 • 103 
transformants/m l 

100%
55.1% 34.7% 17.4% 6.0% 0

3 ................. 256 • 103 
transformants/m l 

100%
49-SO/o 23.2% 11.9% 5-7% 0

Mean value 100% 55.3% 30.0% 15.1% 6-3% 0

Increase of viable 
count during 30 
min action of 
provoking factor 1.8

times
1.6

times
1.6

times
1.3

times
1.3

times 0.97

provoking factor a t  its second use. I t  can be assumed, however, th a t  the  
first portion of cells absorbs a substance from  the  crude preparation  of the  
provoking factor so inhibiting  provocation o f competence.

Competence is a tran sien t state . Streptococcal cells, which have become 
com petent upon th e  action of the  provoking factor, lose the  ab ility  to  be

TABLE II

Effects of the repeated use of the provoking factor 
on conversion to competence

Experiments carried out Effe its
with concentrates of the 
provoking factor first use secom use third use

l ........................... 460 102 330 • 103 490 • lO2
9 780 103 347 ■ 104 355 - 103
3 ........................... 308 IO3 240 • 103 312 • 102
4 ........................... 32« 103 n on -te sted 322 - 103

Experiment carried out 
with the supernatant 
of a competent culture 
as a source of provoking 
factor

5 ........................... 206 10* «80 - lO2 616 ■ 102
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transform ed if  DNA is no t 
added a t  th e  proper tim e. The 
ra te  of decline of com petence 
is a function of tim e and tem ­
pera tu re  as shown in Fig. 5. 
In  th is experim ent bac teria  
grown for 2 h in n u trien t m e­
dium  were exposed to  the  ac­
tion  of th e  provoking factor 
for 30min, centrifuged, resus­
pended in fresh n u trien t m e­
dium  and  m aintained either 
a t  22° or a t  37°. A t tim e in­
tervals, ind icated in  Fig. 5, a l­
iquots were removed, supple­
m ented w ith DNA and  p er­
m itted  to  grow for p heno typ ­
ic expression. The tran sfo r­
m ants were scored in the  rou­
tine way. The num ber of via- 
bleunits form ing colonies was 
also determ ined. As shown in 
Pig. 5, com petence d isap­
peared alm ost com pletely at 
37° a fte r 60 min, b u t a t  22° 
it was little  affected w ithin 
3 hours.

In  order to  determ ine w he­
th e r th e  rap id  loss of trans- 
form ability  a t  37° is a  re ­
su lt of cell division, a li­
quots o f com petent cells were 
suspended in n u trien t m edi­
um, which contained 7.5 mg/ 
ml o f chloram phenicol, or in 
buffered saline. The bac teria  
were k ep t in  a 37° w ater 
b a th  and th e ir capacity  to  
undergo transform ation  te s t­
ed a t  tim es indicated  in 
Fig. 6. Chloram phenicol in a 
concentration of 7.5 mg/ml 
does n o t decrease the viable 
count b u t i t  does inh ib it cell 
division. The ra tes of drop 
o f com petence in buffered 
saline and  in n u trien t m e­
dium  w ith  chloram phenicol 
are nearly  th e  sam e as those 
in n u trien t medium  w ithout

F ig . 3. — H ea t sen s itiv ity  o f com petence-p rovok ing  
fa c to r . T he a c tiv ity  o f  th e  un h ea ted  fac to r is ind ica ted  
as 100% . x  =  co n cen tra te  o f p rovok ing  fac to r d ilu ted  
in  n u tr ie n t m ed ium  before h ea tin g , A  =  d ilu ted  in  
buffer, u n m ark ed  c u rv e = co n cen tra te  d ilu ted  in saline

F ig . 4. — D ependence o f  a c tiv ity  o f th e  p ro v o k in g  
fac to r on te m p e ra tu re
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chloram phenicol, a t  37°. In  th e  
presence of chloram phenicol, 
however, there  was no increase 
in the  num ber of viable units 
and  in saline it  was very  in ­
significant. We conclude, th ere­
fore, th a t  it is no t cell division, 
b u t some m etabolic processes 
tak ing  place a t  37° b u t no t a t 
22°, th a t  resu lt in a decline of 
competence.

The specificity o f th e  action 
of the  provoking factor is of 
considerable in terest. The k ine­
tics of developm ent o f com pe­
tence was studied in cultures 
of th ree transform able s trep to ­
coccal strains: in those of two 
strains of group H streptococci, 
Challis and  3437/48, and  of one 
strain  of Streptococcus sanguis, 
Type I /I l .  All these strains share 
the  C polysaccharide common 
to group H streptococci. The 
S. sanguis strains, however, are 
alfa haem olytic and  also differ 
from the  beta  haem olytic group 
H streptococci with regard to  
some ferm entation reactions. 
In  th e  presence of serum or 
album in all th e  th ree  strains 

produce exocellular factors capable o f provoking com petence in condi­
tions in which it  never occurs natu rally , e.g. in the  absence of serum or 
album in. The specificity of the  action of the  factors was tested  on hom olo­
gous and  heterologous, on transform able and  non-transform able strains. 
Two different conditions were applied in the  tests: (1) the  provoking fac­
to r acted  on bac teria  grown in th e  absence of serum  or album in, (2) the  
facto r acted  on bac teria  grown in the  presence of serum. In  th e  la tte r  case, 
th e  cultures s ta rted  w ith small initial inocula and  th e  provoking factors 
were added before n a tu ra l com petence was achieved. Table I I I  illustrates 
th e  specificity o f action of the  provoking factors tested  in th e  first 
condition. S trains W icky, H91/46, Channon, B lackborn and H4 are group H 
streptococci and were received from the  Streptococcal Reference Laboratory of 
the Central Public Health Laboratory, Colindale, London. They all have to  be 
regarded as non-transform able because, when tested , they  could no t be 
transform ed by any m eans in various conditions proper for transform ation 
of o ther streptococci.

As can be seen in Table I I I , th e  factor derived from the  cultures of strain  
Challis provokes com petence in cultures o f the  homologous strains and of 
the  heterologous s tra in  3437/48. The factor produced by s tra in  3437/48 also

F ig . 5. — Loss o f  com petence in  n u tr ie n t m ed ium  
a t  37° an d  22°. X =  loss o f  com petence a t  37°, 
£  =  loss o f com petence a t  22°, A =  increase 
o f  th e  n u m b er o f  v iab le  u n its  a t  37°, O  =  in ­

crease o f th e  n u m b e r o f v iab le  u n its  a t  22°



T A B L E  I I I

Specificity of the action of the provoking factors tested 
in  m edia w ithout serum or a lbum in

Test strains

Transformants in 1 ml of culture

Control
without

provoking
factor

Provo ki 

Challis

ng factors from strains 

.S', sanguis
T y p e  i/I I  j 3437/48

C h a l lis  ................................. 3 • 10° 1 ■ 106 9 • 10* 5 • 104
S .  s a n g u i s , T y p e  I / I I . . 1 • 10° 2 • 1 0 1 17 • 10 4 0
3 4 3 7 /4 8  ................................... 0 21 • 10 4 0 22 • 10 4

W ic k y  ................................... 0 52  ■ 104 7 ■ 10° 20  • 1 0 '
E 9 1 /4 6  ................................... 0 0 0 0
C h a n n o n  .............................. 0 0 0 0
B la o k b o rn  ........................... 0 0 0 0
H 4  ........................................... 0 0 0 0

S .  s a n g u i s ,  T y p e  I  . . . 0 0 0 0
S .  s a n g u i s ,  T y p e  I I  . . . 0 0 0 0

acts on bacteria of s tra in  Challis. Both factors provoke com petence in 
cultures of th e  natu ra lly  non-trans- 
form able strain  W icky. The provok­
ing factor of S. sanguis ac ts  only on 
homologous cells.

There is some change in th is pic­
tu re  when th e  te s t is carried o u t in 
the  presence of serum  (Table IV).
U nder th is condition the  factor of 
stra in  Challis provokes com petence 
in cultures of 8 . sanguis.

Special a tten tio n  has to  be paid 
to  the  provocation of com petence of 
the  non-transform able stra in  Wicky.
To the  best of our knowledge, 
it  is the  first exam ple of provoked 
transform ation  of a natu ra lly  non- 
transform able bacterium  achieved 
as a result of the application o f a 
transferable factor produced by a 
heterologous, re la ted  strain . The 
efficiencies of th is transform ation 
are of th e  same order of m agnitude 
as the efficiencies of th e  provoked 
homologous transform ations observ­
ed w ith strains Challis, 3437/48 
and 8. sanguis, Type I /I I  (5-15% ).
In  culture supernatan ts  of strain

F ig . 6 .—Loss o f  com petence a t  37°. X =  
saline, A =  n u tr ie n t m ed ium  con ta in ing  
7.5 m g/m l o f  ch lo ram phen ico l £  and  
O =  correspond ing  cu rves il lu s tra tin g  

v iab le  co u n t
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T A B L E  I V

Specific ity  of the action of the provoking factors tested 
in  m edia w ith  serum

Test strains

Transformants in 1 ml of culture

Control
without

provoking
factor

Provoki

Challis

ng factors from strains

.S', sanguis , 
Type I/II 3437/48

C h a llis  ................................... 40 • 101 20 ■ 104 4 • 102 1 • 10 s
S . sa n g u is , T y p e  I /I I  . 5 • 10l 12 • 104 42 • 104 4 • 101
W ic k y  ................................... 0 100 • 104 2 • 101 1 ■ 104
E 91/46 ................................ 0 0 0 0
C h an n on  .............................. 0 0 0 0
B la ck b o rn  ........................... 0 0 0 0
H 4 ........................................ 0 0 0 0
S. sa n g u is , T y p e  I  . . . 0 0 0 0
S . sa n g u is , T y p e  I I  . . . 0 0 0 0

W icky no factor-provoking com petence was found. We assume, therefore, 
th a t  s tra in  W icky cannot be transform ed because it  does no t produce the 
exocellular factor necessary for the  developm ent of competence.

I t  is also ev ident from the  d a ta  given above th a t  serum  or album in are no t 
essential for the  developm ent o f com petence itself, b u t only for the  produc­
tion  of the  provoking factor. A fter the  addition  of the  provoking factor, s trep ­
tococci are converted in to  com petence in the  absence of serum  or album in.

The kinetics o f th e  conversion of non-com petent streptococci to  com pe­
tence is consistent w ith an enzymic reaction and the  factor itse lf seems to  be 
a  protein  o f enzymic activ ity . I t  is p recip ita ted  by am m onium  sulphate, is 
hea t sensitive and does no t pass th rough  Visking dialysis tubings. The 
conversion to  com petence is tim e and  tem peratu re  dependent and  very  
specific. In  reciprocal transform ations to  streptom ycin  and  cathom ycin 
resistance strain  Challis does n o t discrim inate between homologous DNA 
and DNA of strain  S. sanguis. This is also tru e  for S. sanguis, which is tra n s ­
form ed w ith th e  same efficiency by e ither homologous DNA or DNA of 
s tra in  Challis. The strains m entioned, however, can easily be distinguished 
bv th e  specificity of the  action of their provoking factors (Table III).

The findings presented suggest th a t  the  developm ent o f com petence 
requires the  action of an enzyme. The question arises, therefore, w hat its 
substra te  is. This question cannot be answered un til th e  provoking factor is 
purified and its action on cell constituents, prim arily  on the  cell wall, tested.

As shown above, chloram phenicol blocks conversion to  com petence by  
m eans of the  provoking factor. I t  also has little  effect on cells suspended in 
non-growth m edia such as saline. One m ay conclude, therefore, th a t  conver­
sion to  com petence requires cells w ith non-disturbed m etabolic activities. 
Competence, therefore, is the  result of the  action of the  exocellular provoking 
factor and o f one or more factors produced by  fully m etabolizing cells. This 
factor (or factors) is probably  a  protein  because conversion to  com petence
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is blocked by  chloram phenicol. There is also o ther evidence th a t  the  m echa­
nism of developm ent of com petence is ra th e r com plicated and  th a t  it  cannot 
be explained by th e  action of a single factor. In  Table I I I  five non-transform - 
able strains o f group H  streptococci are m entioned, of which only strain  
W icky can be converted into com petence, w ith the  use of th e  provoking 
factors produced by re la ted  strains. Thus, s tra in  W icky differs in some re ­
spect from  the  o ther non-transform able group H  streptococci. W e could no t 
find th e  exocellular factor in cultures of strain  W icky b u t i t  is possible th a t, 
in contradiction to  th e  o ther non-transform able group H  streptococci, i t  is 
capable of producing the  o ther com ponents necessary for the  developm ent of 
competence.

D ISCU SSIO N

H o t c h k iss : Certainly the  factor seems to  be a protein  and  the  reaction 
betw een the  cell and  the  factor is a  tim e-dependent process leading to  
th e  establishm ent of the  com petent s ta te  of the  cells. However, could 
no t th e  factor be a substra te  ac ted  upon by some enzyme present in  the  
cells, ra th e r th an  being an enzyme itself?

P a k u l a : This is possible, b u t i t  is difficult to  dem onstrate . W hether you 
are dealing w ith  a su b stra te  or an  enzyme, the  whole cell in  a dynam ic 
physiological s ta te  m akes the  question ra th e r com plicated; som ething 
m ust be produced in th e  cell under some conditions which can bring the  
cell to  competence. The m ost probable site for th is action would seem to 
be th e  cell surface.

H o t c h k iss : We have no observation directly  supporting and  certain ly  none 
contradicting Professor P ak u la ’s in teresting  views on com petence in 
streptococci. I  can, however, say th a t  an  increase in com petence m ay be 
caused by  a  substance in our pneum ococcal experim ents. In  a  general way, 
our views on com petence fit quite well w ith  yours, b u t i t  will certain ly  
take some tim e before we know how th e  recipient cells are altered. We 
also agree, in particu lar, abou t th e  necessity of understanding  competence, 
in order to  do reliable work on transform ation. I  should like to  m ention 
th a t  our work is being done m ainly by D r A lexander Tornász, who 
com pletes th is work w ith  some excellent electron-m icrographs of th in  
sections of Pneumococcus.

K o h o u to v á : We tried  to  repeat the  experim ents done by  D r P ak u la  in  our 
recipient stra in  of Pneum ococcus, using various am ounts of su p ern a tan t 
of com petent culture to  induce com petence in a  non-com petent culture. 
The 50 per cent su p ern a tan t elicited a 20 m in sh ift of th e  peak of the  
com petence, b u t a t  th e  same tim e a tenfold decrease in the  incidence 
of th e  transform ants, in  com parison w ith  th e  control w ith o u t th e  super­
n a tan t. The presence of 25 and  10 per cent su p ern a tan t caused a small 
reduction o f th e  frequency o f transfo rm an t in  the  peak  of com petence 
b u t th e  position of th e  peak was n o t influenced. There was a  substan tia l 
increase in  th e  frequency of transfo rm an t, in the  rising p a r t  of th e  com pe­
te n t curve. In  th is experim ent we had th e  in itial density  of 4 X 106 of 
colony form ing un its in 1 ml of th e  transform ation  medium. W hen, in the 
nex t experim ent, we used a  culture of 1 X 107 colony form ing u n its  in
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1 ml of the  transform ation  medium, th a t  is th e  in itia l density, from  which 
the  su p ern a tan t was prepared, and we used 25 per cent of it  for th e  in itia ­
tion  of com petence, th e  peak of the  com petence was shifted  from  90 to  
th e  80 min, b u t a t the  sam e tim e th e  incidence o f transfo rm ants decreased 
to  19 per cent of th a t  of the  control w ithou t supernatan t. The percentage 
of the  su p ern a tan t m ust also be re la ted  to  th e  in itia l density  of the  culture, 
from  which the  su p ern a tan t is prepared.

P a k u l a : R ecen tly  we have really done one experim ent w ith  Pneumococci. 
I  do no t y e t know the  result, b u t in  Streptococcus we have never used 
such a g reat am ount either of su p ern a tan t or o f concentrated  provoking 
factor. W h a t l  should like to  add  is, w hat we understand  under competence. 
I  th ink, I  should agree w ith  D r Stuy, who in a paper on the  com petence of 
Hemophilus influenzae w rites th a t  th e  definition o f the  com petent cell is 
th a t  i t  is one which can be transform ed in th e  presence o f chloram phenicol. 
We find in our case th a t  once the  cell is converted in to  competence, DNA 
is tak en  up in th e  presence of chloram phenicol, and th is m eans th a t  the  
transform ation  o f a com petent cell is no t inh ib ited  by th e  presence of 
chloram phenicol.
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The u ltim ate  goal of any research in m olecular genetics is to  describe the  
detailed  chemical structure of the  hered itary  m aterial characteristic of a given 
organism, m ost desirably in  term s of the  DNA base sequence, and  to  d e te r­
mine th e  mode in which th is sequence is transcribed  and tran sla ted  in to  the  
m ultitude of s tructu ra l, m etabolic and  regulatory  features of th e  living 
organism. In  a ttack in g  th is form idable task  i t  is necessary to  select some 
simple organism  endowed w ith several favorable properties, including am en­
ab ility  to  genetic analysis possibly by a varie ty  of techniques, am ong which 
should be genetic transform ation  w ith  purified  DNA. The organism  should 
be characterized by genetic and  physiological sim plicity, w ith  its  to ta l DNA 
com plem ent of low m olecular size, readily cu ltivated  on chemically defined 
media, and  producing large num bers of m u tan ts  (genetic m arkers), a t  least 
some of which synthesize modified proteins, easy to  purify  and  analyse.

The choice of such organism s is a t  p resent lim ited and  includes a few 
bacterial species and several viruses. A t th e  tim e our studies were in itia ted  
we chose Bacillus subtilis, since it is a genetically transform able m icroorgan­
ism (Spizizen 1958) which grows on simple inorganic m edia containing 
only one organic carbon source and  for which m any biochemical m u tan ts  
were isolated. A single exponentially  growing B. subtilis cell carries, on the 
average, th ree d istinc t nuclei (equal num bers of bi- and  te tran u clea ted  cells), 
each o f which contains 2.2 X 10~!l pg DNA, which corresponds to  a molec­
ular w eight of 1.3 X 10°, i.e. 2.2 X 106 nucleotide pairs. This com paratively 
large size of the  DNA com plem ent com pares unfavorably  w ith th e  infectious 
(transform ing) DNA of several viruses, including am ong others the  single- 
s tranded  circular DNA of coliphage <P X 174 ( m .w . of 1.7 X 106), th e  
double-stranded circular replicative form of th is phage, and  also infectious 
DNA from  th e  polyom a virus of sim ilar size and  configuration ( m .w . of 
3.0-3.5 X 106), and  th e  infectious DNA of coliphage lam bda ( m . w . of 
3.1 X 106). All these v iral DNAs, which could easily be ex trac ted  as single 
in ta c t molecules, are 30 to  500 tim es sm aller th an  th e  B. subtilis DNA 
com plem ent, and thus perhaps m ore am enable to  physical and  chemical 
characterization (Fiers and  Sinsheimer 1962, K leinschm idt e t al. 1963, 
Dulbecco 1963, Weil and Vi nograd 1963, Burgi and H ershey 1963, K aiser 
and Hogness 1960).

A lthough B. subtilis contains a ra th e r large DNA com plem ent, one should 
no t forget th a t  it  is an  autonom ous organism, endowed w ith  several useful 
genetic and  biochemical features. This repo rt will deal w ith an  a ttem p t to  
determ ine several physical and chemical properties of isolated DNA frag-
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m ents and  to  correlate them  w ith  the  genetic characteristics of individual 
m arkers. How could th is  task  be undertaken? We tried  a  few approaches 
based on com paring th e  sensitivities of norm al and  chemically modified 
transform ing DNA to  a varie ty  of physical and  chemical agents, as m easured 
for several linked and  non-linked genetic m arkers. I f  th e  chemical m odifica­
tion  affects one purine or pyrim idine base only and  a t  th e  same tim e alters 
the sensitivity  o f th e  transform ing DNA to  the  agents tested, one m ight 
presum e th a t  th e  m arkers which are more affected would be associated with 
DNA fragm ents containing a larger proportion of the  base to  be replaced or 
modified. In  conjunction w ith  these studies an a ttem p t was also m ade to  
fractionate th e  m arker-bearing molecules.

G E N E R A L  P R O P E R T IE S  O F  T R A N SFO R M IN G  DNA

As already sta ted , a  single nucleus o f B. subtilis contains, on th e  average, 
1.3 X 109 M.w. of DNA. Since th e  DNA synthesis period occupies the  g reater 
p a r t of the  bacterial division cycle, m ost of the  nuclei would contain  more 
th an  one DNA com plem ent, in analogy w ith  th e  replicating genome of 
Escherichia coli, as depicted  by Cairns (1963), which is a  circular molecule 
w ith p a r t of the  circle already reduplicated. The m olecular w eight of the  
B. subtilis genome should be therefore som ewhat below 109, b u t we should 
use th e  round figure of m . w . =  109 (1,600,000 nucleotide pairs). U pon 
extraction, deproteinization and  RNA removal, th e  m olecular w eight of th e  
DNA, as determ ined from th e  sedim entation data , varies from  20 to  40 X 106, 
w ith  an  average of 25 X 106. Thus th e  B. subtilis genome seems to  break 
up upon isolation in to  40 fragm ents on the  average. W hen assayed w ith 
several m arkers, th e  specific transform ing ac tiv ity  of th is DNA, i.e. the  
num ber of transform ed colonies per 1 jug of DNA (in th e  proportional range 
of transform ation  assay a t  low DNA concentrations), approaches th e  value 
of 6 X 106 transfo rm ants per fig of DNA (indole m arker), which figure 
indicates th a t  only 1% o f the  DNA partic ipates in the  transfo rm ation  p ro ­
cess. The la tte r  figure is th e  product o f the  w eight of DNA per genome 
(1.6 X 1CT9 fig) and  of th e  specific transform ing ac tiv ity  (6 X 106), m u lti­
plied bv 100. Specific transform ing ac tiv ity  was assayed under standard  
conditions, a t  a  concentration of 10s recipient cells per 1 ml sam ple of the  
vigorously aerated  culture. H igh specific transform ing activ ities were o b ta in ­
ed only w ith  DNA fragm ents o f high m olecular weight. A decrease in molec­
u lar w eight resulted  in a precipitous decrease in th e  specific transform ing 
activ ity . B. subtilis DNA of m olecular weight lower th an  10 million was 
practically  devoid of transform ing activ ity , in deference to  th e  published 
d a ta  for th e  pneum ococcus transform ing system  (L itt e t al. 1958, R osen­
berg e t al. 1959), although some of the earlier d a ta  on m olecular weight 
determ ination  should be tak en  w ith ‘a grain of sa lt’, especially since the  
DNA was no t exhaustively  sheared a t  th e  critical ra tes of hydrodynam ic 
shear, and  i t  was no t subsequently  fractionated  by zone sedim entation or 
column chrom atography. The transform ing ac tiv ity  of sheared B. subtilis 
DNA h alf fragm ents, separated  by  zone sedim entation in a sucrose gradient, 
was recently  determ ined by  N ester e t al. (1963).
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M ETH O D S O F S E P A R A T IN G  A N D  D IS T IN G U IS H IN G  IN D IV ID U A L  D NA  
FR A G M E N T S A N D  G E N E T IC  M A R K E R S

The average base com position (per cent guanine -)- cytosine, %  G-f- C) 
seems to  be ra th e r uniform  for all th e  fragm ents, since th e  DNA of B. subtilis 
forms a ra th e r narrow  ban d  during CsCl g rad ien t centrifugation (Szybalski 
e t  al. 1960). However, i t  is possible to  fractionate  individual DNA fragm ents 
by applying more refined m ethods and to  follow th e  individual DNA m ole­
cules labeled w ith genetic m arkers. O perationally, the  w ild-tvpe DNA 
already contains all the  pro to trophic m arkers, and  it is only necessary to  
develop the  proper auxotrophic receptor s trains to  be able to  detec t and 
q u an tita tiv e ly  assay the  genetic characteristics of th e  donor DNA fragm ents.

Two direct fractionation  m ethods could be used to  separate the  m arkers, 
using sm all n a tu ra l differences in  th e  per cent G -f C of individual fragm ents: 
equilibrium -density-gradient centrifugation in CsCl or sim ilar salts (Meselson 
e t  al. 1957, Szybalski e t al. 1960, O para-K ubinska and Szybalski 1962), and 
chrom atography on the  m ethy lated  album in column (Mandell and  H ershey 
1960). In  bo th  m ethods the  G -fC  richer fragm ents are collected in earlier 
fractions, since they  ban d  a t  higher buoyan t densities (Sueoka e t al. 1959), 
closer to  th e  bo ttom  of th e  centrifuge tu b e  (fraction collected as described 
by Szybalski e t al. 1960), and th ey  elute earlier from the  m ethylated  
album in column (Sueoka and  Cheng 1962).

Less d irect m ethods of m arker fractionation  involve either p artia l dena- 
tu ra tio n  of the  DNA or density  labeling of synchronized bacterial cultures. 
In  the  first m ethod advan tage is taken  of the  fact th a t  some DNA fragm ents 
denatu re  irreversibly upon heating and rap id  cooling a t  slightly  lower tem ­
peratures th a n  other fragm ents, all labeled w ith suitable genetic m arkers. 
The irreversibly denatu red  fragm ents can th en  be rem oved from the  residual 
native (or spontaneously renatured) fragm ents by  v irtue of th e ir higher 
density  in th e  CsCl g rad ien t (by 0.016 g/cm 3 for II. subtilis), or very  high 
affinity  to  the  m ethy lated  album in column.

This m ethod could be fu rther im proved by em ploying very m ild t r e a t­
m ent w ith chemicals which preferentially  crosslink G -fC -rich  DNA frag ­
m ents, e.g. chemically or enzym atically  reduced m itom ycin (Iyer and 
Szybalski 1963, 1964) or nitrogen m ustards (Lawley and  Brookes 1963), 
since separation of denatu red  G-)-C-poor fragm ents and native G -fC -rich 
fragm ents should be more pronounced under these conditions.

The o ther m ethod takes advan tage of th e  fact th a t  DNA synthesis in 
the  B. subtilis genome is m ost probably  unidirectional, s ta rtin g  a t  the  
hypothetical ‘swivel p o in t’ (Cairns 1963) and  proceeding along the  DNA 
circle. I f  a short pulse of a ‘heavy’ label (e.g. N^Cl, D 20 , or 5-bromodeoxv- 
uridine) were added to  th e  synchronously growing cells, only a short section 
o f the  DNA genome would incorporate the  density  label, the  same section 
in all th e  cells. The exact tim ing of th e  ‘density ’ pulse would determ ine which 
section would be labeled. The labeled fragm ents produced during the  ex trac ­
tion  of th e  DNA could be separated  by density-gradient centrifugation.

All these m ethods are com plicated by the  fact th a t  th e  DNA fragm ents 
are the  product of random  breakage of th e  genome during th e  extraction  
process and, consequently, have undefined ends and  poorly defined lengths. 
This lim itation could be partia lly  overcome bv  fractionating  th e  fragm ents



according to  th e ir length and  molecular w eight by zone sedim entation in the  
sucrose gradient, or by chrom atography on long columns of m ethylated  
album in.

O ther m ethods which distinguish between genetic m arkers located on 
different DNA fragm ents, b u t do not physically separate  the  fragm ents, are 
based on the  differential le thal effects of a varie ty  of agents, e.g. various 
w avelengths of u v  light, x-rays, critical and  subcritical therm al trea tm en t, 
hydrodynam ic shear and  others (cf. Zam enhof e t al. 1957).

COMPARATIVE CHARACTERIZATION OF GENETIC MARKERS ON THE BASIS 
OF BUOYANT DENSITY AND TEMPERATURE OF INACTIVATION

I f  tw o genetic m arkers are located on separate DNA fragm ents which 
differ som ew hat in average G + C  content, th ey  should be separable on 
th e  basis of th e  difference betw een th e ir buoyan t densities. W hen wild type 
B. subtilis DNA was centrifuged for 72 hours a t  30,000 rpm  in the  CsCl

F ig . 1. — T ransfo rm ing  a c tiv ity  (num ber of 
tran sfo rm ed  colonies p e r 108 recep to r cells) re ­
qu irin g  indole, leucine, an d  p heny la lan ine  
o f  1-drop frac tions (10 /d) co n ta in in g  p ro to tro ­
ph ic  R . subtilis  DNA, an d  collected accord ing  to  
Szybalski (1900) a f te r  72 h o f CsCl density - 
g rad ien t cen trifu g a tio n  a t  35,000 rpm . A  = 
m ean  M.w. o f  ap p ro x im a te ly  31 x  106,B = m e a n  

m .w . o f ap p ro x im a te ly  15 X 10°



F ig . 2. — A  =  tran sfo rm in g  a c tiv ity  (solid lines) and  
o p tica l d en s ity  m easu red  a t  2(i0 m /i (shaded area) 
o f  2-drop (20 (ú) D N A  frac tio n s  collected a f te r  72 h 
o f  CsCl d e n sity -g rad ien t cen tr ifu g a tio n , u n d e r co n d i­
tions o u tlined  in  th e  cap tio n  to  F ig . 1, b u t w ith  a  
double to ta l a m o u n t o f  D NA  (40 fig) u sed . The b a n d - 
ing p a tte rn s  o f single his an d  linked h is - in d  m ark e rs  
a re  n o t included  in  th is  d iag ram . R  =  tran sfo rm in g  
a c tiv ity  o f  D N A  sam ples hea ted  for 10 m in  a t  in d i­
ca ted  te m p e ra tu re s  in SSC (0.15 M N aCl +  0.015 M 
N a3 • c itra te ) , rap id ly  chilled a t  0° C, and  assayed 
w ith  recep to r s tra in s  req u irin g  indole leucine and 

p h en y la lan in e

density  gradient, with subsequent collection o f 1 or 2-drop (0.01—0.02 ml) 
sam ples (Szybalski e t al. 1960), and  then  assayed for linked indole (ind+) 
and  histidine (his+) m arkers and unlinked leucine (leu+) and  phenylalanine 
(phe+) m arkers, using the  corresponding auxotrophic receptor strains, the  
bulk  o f th e  DNA bearing th e  linked ind+ and  his+ m arkers banded a t  the  
highest density , followed bv the  leu+ and pheA m arkers, w ith one to  two 
fraction differences between the  corresponding peaks (O para-K ubinska and 
Szybalski 1962). The separation  between the  m ain peaks was clear and  
reproducible (Figs 1A  and 2A) only w ith carefully prepared high m olecular 
weight DNA (m .w . over 30 X 10®). As th e  m olecular w eight of the  DNA 
decreased, secondary peaks becam e predom inant w ith  resulting  broadening 
of m arker d istribu tion  (Fig. iB).  These d a ta  indicate th a t  since th e  ind+ 
and  his+ m arkers did no t separate  during centrifugation of high molecular 
weight DNA, they  m ust be located on th e  same fragm ent, which has a  higher 
average G-|-C conten t th an  the  fragm ents carrying th e  leu+ and phe+ m ark ­
ers, th e  phe+ bearing fragm ent having the  lowest average G-)-C content. 
Upon breakage o f these fragm ents, the  average G + C  con ten t of th e  still 
sm aller sub-fragm ent carrying th e  m arker in question need n o t be and often
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is n o t the  sam e as th a t  of the  paren tal fragm ent. This m ight be one am ong the  
reasons why the  m arkers band  in m ore th an  one peak when partia lly  sheared 
transform ing DNA is fractionated  by CsCl density  g rad ien t centrifugation. 
The com paratively clean separation of th e  m arkers experienced w ith  care­
fully  prepared, high molecular weight DNA seems to  indicate th a t  th e  
genome either breaks up in to  fragm ents a t  predeterm ined points, perhaps 
characterized by single-strand breaks or o ther weaknesses, or th a t  the  v aria ­
tion  in the  G + C  con ten t is very  gradual along the  DNA genome. However, 
the  density  changes upon fu rther fragm entation of th e  DNA, as already 
discussed, are inconsistent w ith the  second alternative . M arker separation 
during p repara tive CsCl g rad ien t centrifugation was also reported  bv Rolfe 
and  Ephrussi-Taylor (1961), by Guild (1963) and by G anesan (1963).

I f  a particu la r m arker, e.g. ind+, is associated w ith  a DNA fragm ent 
o f com paratively high G + C  content, th e  critical tem peratu re  o f its  th e r­
mal inactivation  m ight be exceptionally high, since i t  is well known th a t 
the  ‘m elting’ tem peratu re  of DNA is proportional to  its G + C  con ten t 
(M arm ur an d  D oty  1959). Therm al inactivation  of transform ing DNA has 
been stud ied  extensively in several laboratories, as reported  by Dove and 
D avidson (1963), Freese and  Freese (1963), Ginoza and  Zimm (1961), Guild 
(1963), M arm ur e t al. (1963), R oger and  H otchkiss (1961) and others. The 
results obtained w ith  the  in d 1', leu+ and  phe+ m arkers (10 min heating in 
2 X 10“ :i M NaCl • versene, p n ~  7.8, or in 0.15 M NaCl +  0.015 M N a3 • c it­
ra te , p H =  7.5, followed by rap id  chilling a t  0°C) were quite paradoxical, a t 
least on first sight: the  ind+ m arker was inac tiva ted  a t  th e  lowest tem p era­
tu re  followed by  leu+ and  phe+ (O para-K ubinska and  Szybalski 1962) 
(Fig. 2B).  This result indicates th a t  the  critical inactivation tem peratu re  
of a m arker need no t be governed only by th e  average G + C  com position of 
the carrier fragm ent, especially since it  corresponds to  th e  tem peratu re  
a t  which the  last of th e  in te rs tran d  bonds breaks down, w ith  resulting 
com plete s tran d  separation and  irreversibility of the  denatu ration  process. 
In  th is respect the  ‘m elting’ tem peratu re  of the DNA, which indicates abou t 
50%  hydrogen bond breakage and which falls well w ithin th e  reversible 
denatu ration  range governed by the  cooperative process depending on the  
average G + C  content, is different from th e  critical tem peratu re  of inactiva­
tion, which depends m ainly on a single, m ost tem peratu re-resistan t region 
of th e  DNA molecule. E xceptionally  long runs o f G + C  pairs (and also some 
covalent crosslinks in DNA, cf. Iyer and Szybalski 1963, Szybalski, in press) 
could be responsible for the  high inactivation tem peratu res for particu la r 
genetic m arkers, which on th e  average are several degrees higher th an  the 
‘m elting’ tem peratu res determ ined from  the  optical density  versus tem ­
p eratu re  m easurem ents.

One m ight conclude th a t  the  buoyan t density  and  the  critical tem peratu re  
of inactivation  m easure tw o different properties of the  DNA fragm ents on 
which given genetic m arkers happen to  be located: buoyan t density  is govern­
ed by the  average G +  C con ten t of the  fragm ent, whereas the  inactivation 
tem peratu re  depends on a particular tem peratu re-resistan t and  relatively 
sho rt region on th e  same fragm ent. I f  th e  la tte r region is characterized by 
long runs of G + C  deoxvnucleotide pairs, the  inactivation  tem peratu re  and  
buoyan t density  should be sta tistica lly  in terre lated , although such correla­
tion is no t required  for each particu la r genetic m arker. The phe+ m arker,



e.g., seems to  be associated w ith  a DNA fragm ent which has, on the  average, 
a low G-f-C conten t b u t still seems to  contain one com paratively long run 
of G-f-C pairs accounting for its relatively high resistance to  critical therm al 
inactivation (O para-K ubinska and  Szybalski 1962). Sim ilar conclusions 
were reached by Guild (1963).

A lthough the  described experim ents provide some general inform ation 
on the  properties of m arker-bearing DNA fragm ents, they  reveal very  little  
abou t th e  chemical properties of the  m arkers them selves, i.e. abou t the  
com paratively short DNA regions governing th e  synthesis of th e  particu lar 
proteins (enzymes). Several o ther properties o f th e  m arkers were therefore 
evaluated  in the  hope th a t  these could shed additional light on the  s tructu re  
o f the  carrier molecules and perhaps the  m arker regions themselves.

E F F E C T  O F D E N S IT Y  L A B E L IN G  ON M A R K E R  SE PA R A T IO N

A t th e  tim e the  first separation of m arkers was obtained by CsCl density  
grad ien t centrifugation, we a ttem p ted  to  increase or modify th is frac tiona­
tion  procedure by labeling the  DNA w ith various density  m arkers. W hen 
auxotrophic B. subtilis is grown in a medium  containing th e  N 13 isotope as 
sole nitrogen source (N 15H ,CI), all the nitrogens in the  newly synthesized 
purine and  pyrim idine bases are replaced by the  heavy isotope. This results 
in  a m olecular weight increase for the  G-f-C pair by 8, and only by 7 for 
th e  adenine -f- thym ine (A-f-T) pair. U nfortunately , th is preferential density  
labeling of th e  G-(-C deoxvnucleotide pairs contributes very  little  to  the 
density  differential betw een fragm ents of varying G-f-C conten t (approxi­
m ately 2% ) and  does no t im prove th e  separation significantly.

Preferential labeling of the  A-f-T pairs w ith 5-brom odeoxyuridine (BUdR), 
which selectively replaces the  thym idine residue in DNA, contributes an 
increase of 65 in th e  m olecular weight of th e  A + T  deoxynucleotide pairs. 
However, extensive B U dR -labeling results in wider spreading o f th e  bands 
and  com pensates (or even slightly overcom pensates by up to  20%) for th e  
higher density  of the  G + C -rich  DNA fragm ents.

A lthough extensive B U dR  or N 15 density  labeling proved no t to  be 
practical for im proving m arker separation, short-term  density  labeling of 
the  DNA resulted  in differential transfer of the  m arkers in to  ‘hyb rid ’ DNA 
molecules banding a t  higher densities in the  CsCl gradient. This phenom enon 
is a reflection of tw o processes: (1) upon preparation  of th e  inocula and 
transfer to  density-labeling m edia B. subtilis cells become p artia lly  synchro­
nized, and  (2) since DNA synthesis appears to  be a unidirectional process, 
the  m arkers located closer to  the  synthesis in itiation  points are replicated  
sooner w ith  concurrent change in th e ir density . This phenom enon was u t i­
lized by Y oshikaw a and Sueoka (1963) for the determ ination of the  sequence of 
m arker replication in B. subtilis and  consequently of the  genetic m ap of 
th is  m icroorganism  (Pig. 3).
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U L T R A V IO L E T  L IG H T  A N D  X -R A Y  S E N S IT IV IT Y  O F T R A N SFO R M IN G  D NA  
A N D  IT S R E L A T IO N S H IP  TO S P E C IF IC  T R A N SFO R M IN G  A C T IV IT Y  A ND

M O L EC U LA R  SIZ E

The relative sensitivities of the  m arkers tow ard  x-rays and short, medium  
and  long w ave-lengths o f uv light (254 mp, 300-340 mp and 350-390 va.p) 
seem to  be arranged  in th e  sam e order. The phe+ m arker is the  m ost resistant, 
w ith  ind+ and  leu+ progressively more sensitive. W h a t could be the  reason 
for th is correlation betw een sensitivities to  very  different types of rad ia tion  ? 
To answer th is  question we tried  to  determ ine which properties o f tra n s ­
form ing DNA govern its radiosensitivity . We soon found th a t  the  size of the 
DNA fragm ent was directly  re la ted  to  radiosensitivity . B oth  for x-rays 
and  for sho rt or m edium  w avelength uv light the  rad ia tion  sensitivity  
decreased w ith  the  size o f the  progressively sheared DNA fragm ents, as 
d id  also the  specific transform ing activ ity . H ydrodynam ic shear was exerted 
by passing the  DNA (suspended in 0.15 M NaCl +  0.015 M N a3 . c itra te , 
p H =  7.5, a t  10 pg  DNA/ml) th rough  a fine needle (gauge No 27) under 
high pressure generated w ith  a 1 cc tuberculin  syringe. W ith  long-wave uv 
som ew hat unequivocal results were obtained, indicating a possible inverse 
relationship between radiosensitiv ity  and  m olecular weight. This result, 
however, m ight be questionable, since th e  effects of long-wave uv depend 
strongly on m inute medium  contam ination w ith photodynam ically  active 
substances. The dependence o f short-w ave uv sensitiv ity  on th e  m olecular 
size of transform ing DNA was reported  by M arm ur e t al. (1961).

These com bined results could be in terp re ted  as follows. F or an  efficient 
transfo rm ation  process DNA fragm ents of various lengths (and/or fragility) 
are required  for different m arkers. M arkers which m ust be located on excep­
tionally  long (and/or fragile) molecular fragm ents transform  w ith lower 
efficiency, since long (and/or fragile) fragm ents are com paratively rare, being 
more often broken during the  ex traction  process. The larger (and more 
fragile) DNA fragm ents would also be more sensitive to  x-rays and  uv light.

S E N S IT IV IT Y  TO SU B C R IT IC A L  T H E R M A L  IN A C T IV A T IO N  A ND  
H Y D R O D Y N A M IC  S H E A R

I f  th e  above in terp re ta tion  is correct, th e  m arkers associated w ith  longer 
DNA fragm ents should also be more sensitive to  prolonged exposures a t 
tem peratures ju s t below the  m elting tem peratu re  of DNA, since the  chance 
o f depurination  (Greer and Zam enhof 1962) followed by ester linkage break, 
the  mechanism  m ost probably  involved in th is ty p e  of inactivation , would 
be a function of m olecular size. Sim ilarly, these m arkers should also be more 
sensitive to  hydrodynam ic shear.

E xperim ents have corroborated  these predictions, since there was alm ost 
perfect correlation between th e  radiosensitivities and  the  sensitivities to  
hydrodynam ic shear or to  prolonged heating a t  85° C in a buffer consisting 
o f 0.15 M NaCl -f- 0.015 M N a3 ■ citra te , p H =  7.5. The phe+ m arker was 
always the  m ost resistan t one, w ith ind+ and  leu+ being progressively more 
sensitive (Fig. 4). In  agreem ent w ith predictions based on th e  relationship
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F ig . 4 .—T herm al in a c tiv a tio n  o f  tran sfo rm in g  
D NA  a t  a  te m p e ra tu re  (85° C) below  th e  ‘m e lt­
ing ’ p o in t fo r B . sub tü is  D NA  in SSC (cf. F ig. 1)

betw een the  genetic properties and  m olecular s tru c tu re  of DNA, the  linked 
m arkers were m ore sensitive to  hydrodynam ic shear th an  th e  single m arkers 
(N ester e t al. 1963).

D IF F E R E N T IA L  S E N SIT IZ A T IO N  O F  G E N E T IC  M A R K E R S  BY B U dR
L A B E L IN G  O F  DNA

W hen B. subtilis cells are grown in B U dR -containing media, th e  newly 
synthesized DNA reta ins its transform ing activ ity , a lthough it  contains 
BUdR in place of thym idine (Szybalski e t al. 1960). Such BUdR-labeled 
DNA is more sensitive to  rad ia tion  (O para-K ubinska e t al. 1961). Since 
m olecular fragm ents characterized by a higher A-f- T con ten t should incorpo­
ra te  a larger am ount of B U dR , and  since radiosensitization was shown to 
depend d irectly  on th e  degree of thym idine replacem ent (Erikson and  Szy­
balski 1963), we a ttem p ted  to  determ ine w hether genetic m arkers located 
on these A-}-T-rich fragm ents would be preferentially  sensitized by  BU dR . 
These experim ents, which were presented in detail elsewhere (Szybalski and 
O para-K ubinska, in press), do no t provide a  clear-cut answer to  th is 
question on account of several technical difficulties. The differences in th e  
degree of sensitization for the  th ree  m arkers were no t g reat and fluctuated 
som ewhat from experim ent to  experim ent. W ith  proper corrections for 
specific transform ing ac tiv ity  o f different sam ples of DNA (Szybalski and 
O para-K ubinska, in press), th e  sensitization factor, calculated as th e  ra tio  
of th e  in itia l slopes of the  survival curves, am ounted  to  4.1-4.7 (154 m p uv), 
6.8-8.7 (300-340 m/u uv) and  1.4-2.0 (x-ravs) for unifilarly BUdR-labeled 
DNA, and  8.9-20.9 (254 op/ uv), 23.2-26.2 (300-340 mp uv) and 2.5-4.8 
(x-rays) for bifilarly B U dR -labeled DNA, in which up to  100% of the th y m i­
dine residues were replaced by B U dR . There seems to  be some tendency for 
the  ind+ m arker to  become slightly more radiosensitized in alm ost all of the  
cases, which result does n o t seem to  be com patible w ith  the  idea th a t  rad io ­
sensitization is re la ted  to  the  average base com position of the DNA frag ­
m ents, since th e  ind+ m arker seems to  have th e  lowest average A-|-T content
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as indicated  by its  com paratively high buoyan t density  in the  CsCl gradient. 
This resu lt is no t too surprising, since th e  sensitivity  and  radiosensitization 
o f a  p articu lar m arker should depend more on the  base com position in the  
proxim ity o f the  m arker ra th e r th an  on the  average base com position of 
the  entire D NA fragm ent. The problem  of postirrad ia tion  repair upon en try  
o f the  irrad ia ted  DNA in to  the  receptor cell could also be involved, since 
repair m ight play a differential role in th e  m arker radiosensitivities, and 
since B U dR  incorporation is known to  interfere w ith  the  repair m echanism  
(Stahl e t al. 1961, Sauerbier 1961. H ow ard-Flanders e t al. 1962). Thus 
th e  originally m ost sensitive m arker should be the  least radiosensitized, 
which seems generally to  be the  case for the  leu+ m arker irrad ia ted  with 
short-w ave uv light and  x-rays.

CONCLUSIONS A ND  SUM M ARY

D uring gentle ex traction  of DNA from  B. sublilis cells th e  to ta l DNA 
com plem ent breaks up in to  approxim ately  40 fragm ents, each of a m olecular 
w eight in the  neighborhood of 25 X 106 and carrying various genetic m ark­
ers. Several physico-chem ical properties o f a few m arker-bearing fragm ents 
were studied by following th e  fa te of the  genetic m arker during the  fractiona­
tion  or inactivation  procedures (cf. T ab le l) . One could conclude th a t  m any of 
these experim ents provided only a gross characterization of the  DNA frag ­
m ents on which the  p articu lar m arkers happened to  be located, and supplied 
little  inform ation on th e  properties o f th e  small m arker regions them selves. 
The buoyan t density  characterized the  average base com position of the 
whole DNA fragm ent, whereas the  critical tem peratu re  of inactivation  
indicated the  properties of the  m ost hea t-resistan t small region on this 
molecule, probably  an un in terrup ted  run  of G-|-C deoxynucleotide pairs. 
H alving of th e  m arker-bearing DNA fragm ents by hydrodynam ic shear 
modified bo th  the  buoyan t density  and the  inactivation tem peratu re  of the 
m arkers. From  parallel centrifugation runs in CsCl and  C s,S04 density  
gradients* it  was possible to  establish th a t  the  density  heterogeneity is 
caused by less th an  4%  varia tion  in the base com position between the  ind i­
vidual fragm ents. This heterogeneity is m uch lower th an  th a t  between the  
ends of the  DNA molecule ex tracted  from  virulent lam bda phage, where 
the  differences exceed 10% G + C  (Hershey, personal com m unication), 
although w ith some defective lam bda dg (kindly supplied by D r G. H. 
Echols) we have observed a m uch lower degree of heterogeneity, th an  d e te r­
m ined by ban d  splitting  during centrifugation of sheared phage molecules in 
the  CsCl gradient, a t  low tem peratu re  or in the  presence o f form aldehyde 
to  prevent secondary cohesion of th e  DNA fragm ents.

Sensitivity  to  hydrodynam ic shear, to  subcritical therm al inactivation, 
and to  rad iation  all seem to be related  to  the  specific transform ing ac tiv ity  
o f the  DNA for particu la r m arkers, which in tu rn  is the  function of the  
ac tua l size and/or fragility  of the  m arker-bearing DNA molecules and of 
the  size requirem ent for an efficient transform ation process. I f  th e  uv and  
x-ray sensitivities are partia lly  governed by  th e  A + T  (uv) or G + C  (x-rav)

* In  Cs2S 0 4 th e  b u o y an t den sity  is m uch  less dep en d en t on th e  G + C  co n ten t th an  
in CsCl (E rikson  an d  Szybalski 1964).
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con ten t of th e  DNA (K aplan and Z avarine 1962, H aynes, in press), th e  differ­
ences in base com position seem not to  be large enough to  overcome other 
factors contributing to  rad iation  sensitivity , since bo th  for uv an d  x-ray 
the  same order of m arker sensitivities was found. R adiosensitization by the 
B U dR -for-thym idine substitu tion  in DNA varies only slightly betw een the 
m arkers and does no t seem to  be related  to  the  average base com position of 
the  m arker-bearing DNA fragm ents. ,

This contribution is partia lly  based on published and  unpublished studies 
carried ou t in th is laboratory , and  partia lly  on d a ta  in th e  literatu re . No

T ABLE 1
Methods for fractionation of DNA fragments*

Property of transforming 
DNA fragments Method of fractionation Rationale behind methods 

of fractionation

( 1) A v e ra g e  G (-C 
c o n te n t

(a) P r e p a r a t iv e  CsCl g r a d ie n t  
c en tr ifu g a t io n

F r a g m e n ts  w ith  h ig h er  G -j-C  c o n ­
t e n t  are d e n se r  a n d  s e d im e n t  
c lo se r  to  b o t to m  o f  tu b e

(b) M e th y la te d  a lb u m in  co lu m n  
c h r o m a to g r a p h y  (sh o r t  
co lu m n )

F r a g m e n ts  w ith  h ig h er  G -j-C  
h a v e  le ss  a f f in ity  for c o lu m n  
a n d  e lu te  a t  lo w er  s a l t  c o n c e n ­
tr a tio n

(2) L o ca liz e d  G -(-C  
s tr e tc h e s  (ru n s) 
or c ro ss lin k s

C ritica l d e n a tu r a t io n  fo llo w ed  
b y  (a) p r e p a r a tiv e  CsCl g r a ­
d ie n t  c e n tr ifu g a t io n  or b y  
(b ) m e th y la te d  a lb u m in  
c o lu m n  c h r o m a to g r a p h y  
(co u ld  b e  p r e ced ed  b y  m ild  
tr e a tm e n t  w ith  G  -f-C d ir e c te d  
cro ss lin k in g  a g e n t ,  e .g .  n i t ­
ro g en  m u sta r d , or red u ced  
m ito m y c in )

F r a g m e n ts  w ith  lo n g er  G -)-C  
ru n s (or w ith  c ro ss lin k s) d o  n o t  
d e n a tu r e  ir r e v e r s ib ly  a n d  (a) 
b a n d  a t  lo w er  d e n s i ty  th a n  d e ­
n a tu r ed  fr a g m e n ts ,  or (b ) d o  n o t  
s t ic k  to  c o lu m n  m a te r ia l.  I r r e ­
v e r s ib ly  d e n a tu r e d  D N A  (a) 
b a n d s  a t  a  b u o y a n t  d e n s ity  
h ig h er  b y  0 .0 1 2 -0 .0 1 7  (C sC l) 
or 0 .0 2 0 -0 .0 2 6  (C s2S 0 4), or  (b) 
a d so rb s  ra th e r  fir m ly  to  c o lu m n  
m a te r ia l

(3) L o ca liz e d  d e n s ity  
la b e lin g

P u lse  o f ,  or lo n g er  e x p o s u r e  to , 
d e n s i ty  la b e l d e liv e r e d  to  s y n ­
c h r o n iz e d  c e lls , fo llo w e d  b y  
p r e p a r a t iv e  C sCl g r a d ie n t  
c e n tr ifu g a t io n  o f  e x tr a c te d  
D N A

D e n s i ty - la b e le d  fr a g m e n ts  s e d i ­
m e n t  c lo se r  to  b o t to m  o f  tu b e

(4) S iz e (a) Z on e c e n tr ifu g a t io n  in  s u c ­
ro se  g r a d ie n t

L a rg er  fr a g m e n ts  s e d im e n t  fa s ter

(b ) M e th y la te d  a lb u m in  co lu m n  
c h r o m a to g r a p h y  (lo n g  
co lu m n )

S m a ller  fr a g m e n ts  h a v e  le ss  a ff in ­
i t y  for c o lu m n  a n d  e lu te  a t  
lo w er  s a lt  c o n c e n tr a t io n

* R eferences: (1) M eselson e t  al. (1957), Szybalski e t  al. (I960), R olfe  an d  E ph russ i- 
T ay lo r (1961), O p ara-K u b in sk a  an d  Szybalski (1962), G uild (1963), Sueoka an d  Cheng 
(1962), G anesan (1963). (2) Lacks (1962), G anesan (1963), Iy e r  a n d  Szybalski (1963), 
M arm ur e t  al. (1963). (3) Y oshikaw a an d  Sueoka (1963). (4) N este r e t  al. (1963), L acks 
(1962), G anesan (1963), M andell and  H ershey  (1960).
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D ISCUSSIO N

W a t a n a b e , T .: I  would like to  ask you, D r Szybalski, how m any per cent of 
G-(-C are contained in  the fractions of DNA carrying different m arkers.

Sz y b a l sk i: I  would show you th is particu lar slide, w ith the  exact G + C  
differences (and he is showing th e  peak o f T, L, and  P , and  drop num ber 
on th e  slide). So th e  first curve, th e  heaviest is T, which is the  indole- 
tryp tophane-p lus locus on th e  outside. Second is leucin. There are 2-3 
drop differences and  they  correspond to  abou t 2-3 per cent in G + C  differ­
ences. Now the m elting curves: the  highest is T, then come L and P  types.

P a k u l a : M ay I  ask a question? W hat is th e  accuracy of determ ination  of 
G + C  base con ten t in DNA m easured by the  CsCl density  g rad ien t 
centrifugation? I  th ink  abou t the  base con ten t you can measure, Professor 
Szybalski. I  th ink  you have done it, using the chrom atographic m ethod 
of determ ination of base content. W h a t is the  accuracy o f the  m ethod? 
You have m entioned differences o f 2-3 per cent.

Sz y b a l sk i: T hey  a re  on ly  from  th e  d en sity  scale.
P a k u l a : So th e y  a re  ca lcu la ted  from  th e  d en sity  g rad ien t.
Sz y b a l sk i: They are obtained not by analytical determ ination, which would 

result in m uch lower accuracy.
P a k u l a : And w hat is the  estim ation of accuracy according to  the  m ethod 

of M armur?
Sz y b a l sk i: We use the  analytical centrifuge d a ta . By tak ing  a m arker DNA 

and an unknow n DNA, you could m easure w ith  accuracy of abou t 0.01 
mm or even a little  b e tte r on upper tracing  from th e  ac tua l fram ing of 
the  cell, and  this would correspond to  abou t 0.1 per cent o f G + C . You 
could see differences in one per cent G + C  by th e  sam e analy tical data .

St a h l : Certainly, even by this m ethod; although its accuracy m ay often 
not be good, the  sensitivity  is very,very good. So, there can be no doubt 
abou t th e  righ t order of th e  G + C  contents. You can be sure th a t  T  has 
more G + C  th an  L has, which has m ore th an  has P, b u t it  m ay be hard  
to  say w hether the  difference is one per cent or two per cent.
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Sz y b a l s k i: The question is d istinctly  very  com plicated since, as already 
discussed, there  are secondary peaks. A fter all, if  you cu t the  whole mole­
cule in a half, i t  still has a m arker and  transform s, h u t if i t  has lost all his 
big arm , which had very  high G + C , it  is a different molecule from  the  
standpo in t of base content. Once you sheared a molecule, all our picture 
gets sm eared and  nothing comes out.

K a p l a n : May I  have a question? Is th is the  unlabeled DNA?
Sz y b a l s k i: This is the  unlabeled DNA.
K a p l a n : W h at happens to  the  brom ouracil labeling which, of course, 

spreads out?
Sz y b a l sk i: F irst, the  brom ouracil-labeling gets spreading. As a resu lt of 

this, the definition is very  poor and  separation is very difficult. We 
tried  som ething else, i.e. to  label w ith  I5N, assum ing th a t  it would increase 
th e  difference, because G + C  would give heavier labeling w ith nitrogen, 
which could increase th e  difference. In  calculation, it  gives as little  increase 
as is really  n o t worthwhile running th e  experim ent. B u t we still run it 
and  found ano ther difficulty, namely, the  sequential labeling.

K a p l a n : I  understand , when you add brom ouracil and  it  is only the  thym ine 
which gets heavier, it could be th a t  th e  different thym ine con ten t in these 
different m arkers could lead to  th is  sh ift also in the  peaks.

Sz y b a l sk i: Y es, i t  w ould be a  v e ry  good idea  as long as labeling  itse lf  w ould 
be ex trem ely  clean, so t h a t  you  w ould n o t loose reso lu tion , b u t  as a  re su lt 
o f  b rom ouracil-label you  are  facing, in  ad d itio n , a  te rrific  e rro r  o f  uneven  
label.

S i k : W hen m easuring the  base proportions and ratios from density, M armur 
found th a t  th e  m elting po in t was proportional to  the  G + C  content. He 
found the  higher the  G + C  con ten t th e  higher the  m elting point, and  even 
the  density.

Sz y b a l sk i: Yes, it  is absolutely correct for a whole molecule. B ut now we 
are confronted w ith the  m easurem ent of the  m elting po in t of a m arker 
and  th a t  was which I  tried  to  explain. I t  is really no t the  same, and  i t  does 
describe tw o different properties. You see, w ha t M arm ur m easured is 
the  Tm, th e  transition  tem perature, or m aybe, w hat he m easured is the 
irreversibility  of melting. I  th ink , it  is a slightly different thing.
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E F F E C T  0  F X - R A Y S  O N T H E  T R  A N S F  0  R M A T I  0  N 
F R E Q U E N C Y  O F  E S C H E R I C H I A  C O L L

By

S Á N D O R  IG A L I

FREDERIC JOLIOT-CURIE NATIONAL RESEARCH INSTITUTE 
FOR RADIOBIOLOGY AND RADIOHYGIENE, BUDAPEST, HUNGARY

There are m any studies on th e  effect of ionizing radiation, i.e. on th e  biolog­
ical ac tiv ity  o f transform ing DNA (Ephrussi-Taylor and L a ta rje t 1955, 
Defilippes and  Guild 1959, H utch inson  and  A rena 1960, Lerm an and 
Tolmach 1959). I t  appeared in teresting to  investigate th e  effect of ra d i­
ation  on th e  recipient cells. We studied th e  effect of x-rays on the 
genetical transform ation  frequency o f Escherichia coli. The pro to trophic 
stra in  of E. coli McLeod was used as a donor and  the  auxotrophic stra in  E. 
coli m ethionine (v itam in B,„-less, 113-3 Davis) as a recipient. B oth  were 
received from  B. M. M ehta. Transform ation was carried ou t by  th e  m ethod 
described also by him (M ehta e t al. 1962). The preparation  of DNA was m ade 
according to  M arm ur’s m ethod (1961). The cells in the  logarithm ic grow th 
phase were suspended in cold double-concentrated m inim um  medium, ir ra ­
d iated  a t  0° C by m eans of a  S tabilivolt appara tus (180 kV, 10 mA, 0.5 mm 
Cu filter, 124 r/m in dose m easured in air), th en  transform ed.

In  our experim ent we used 10 /rg DNA and  2.5 X  107 recipient cells in 
1 ml m inim um  medium. The m ean value of survivors, transfo rm ants and 
th e  transform ation  frequencies corrected for th e  percentage of survivors 
are shown in Table I. The d a ta  are corrected for the  radiation-induced back- 
m u ta tion  frequency. As can be seen from the  table, irrad ia tion  changed the 
frequency of pro to trophic colonies com pared w ith  the  un irrad ia ted  control. 
T ransform ation frequency as a rule was increased by  the  x-ray  p re -trea t­
m ent, a fte r which i t  began to  decrease in inverse proportion to  th e  dose. 
I t  reached th e  highest value a fte r irrad ia tion  w ith 2.5 kr, and was lower for 
5 kr. However, in bo th  cases i t  exceeded th e  transform ation  frequency of the  
un irrad ia ted  control, undoubtedly. No uniform  result was ob tained  afte r 
irrad ia tion  w ith 10 kr. Though, considering th e  m ean valueoftheexperim ents, 
th e ir transform ation  frequencies were lower th an  th a t  of the  control, b u t in

TABLE i

Treatment
Number of Transformation

survivors transformants frequency per cent

C o n t r o l ........... 5 .0  X 1 0 7 2 .4  X 1 0 4 0 .0 4 8 100
2 ,5 0 0  r ____ 3.1  X 1 0 7 2.1 X 1 0 4 0 .0 6 6 141
5 ,0 0 0  r ____ 1 .2 X 1 0 6 6 .9  X  10 1 0 .061 119

1 0 ,0 0 0  r ____ 2 .5  x 1 0 s 9 . 9 X 1 0 1 0 .0 3 9 82
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some cases higher values were obtained, too. I t  is of in terest th a t  g reater 
variab ility  in  experim ental d a ta  was observed a t  th e  higher doses.

Sum m arizing our results i t  m ay be s ta ted  th a t  th e  num ber o f p ro to troph  
transfo rm ants in th e  m ethionine-less auxotroph  population of E. coli, incu­
b a ted  w ith  p ro to troph  DNA, increases upon irrad ia tion . On th e  basis o f 
p resen t knowledge, th e  m echanism  o f th is  phenom enon cannot be satisfac­
torily  explained since, in addition to  transform ation  and  th e  m utagenic 
effect o f x-rays, o ther selective factors m ay also interfere w ith th e  increased 
ra tio  o f occurrence o f prototrophs.
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D ISCUSSIO N

Pa k u l a : W hat have been rad ia ted , th e  recipient cells or the DNA?
I g a l i: The rec ip ien t cells.
P a k u l a : Could you say some details abou t the  transform ation  o f Escherichia 

coli, can th is s tra in  be transform ed also, let us say, to  drug resistance?
I g a l i: No, I  know only th e  case which was described by  M ehta in Bom bay 

and have w orked w ith his stra in  and  I  used only the  methionine-less 
m arker. I  do no t know abou t transform ation  where drug resistance was 
transform ed.

P a k u l a : W hat abou t th e  DNA, was it  a sterile p repara tion  of DNA you 
were using?

I g a l i: I t  was prepared according to  M arm ur’s m ethod.
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By

T. D . D e k h t y a r e n k o
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KIEV, U. S. S. R.

Bacteria, as well as o ther groups of microorganisms, are characterized by 
high contents of nucleic acids. I t  is known today  th a t nucleic acids o f m icro­
organism s are subjected  to  considerable changes depending on the  phase of 
developm ent, conditions of cultivation, physiological s ta te  of cells and strain  
variety.

The com position of nucleic acids is very constant: the  invariab ility  of DNA 
in the process of grow th of Pseudomonas hydrophila culture has been proved 
{Reddi 1954); no changes of DNA com position in respect to  age have been 
noticed in E. coli (Spirin e t al. 1956), in  Azotobacter agile (Zaytseva and  Belo­
zersky 1957), in Sarcina lutea (D u tta  e t al. 1956), etc. D ifferent compositions 
o f m edia and  sources o f nitrogen do no t change the DNA com position of 
Azotobacter agile.

However, hereditarily  changed forms of microorganisms, which are obtained 
experim entally  under various conditions and which differ morphologically, 
culturally  and  biochem ically from their in itial forms, change their DNA com ­
position. Spirin and  Belozersky (1956) studied the  com position of DNA 
and RN A  in some bac teria  of the  enteric group and  th e ir a typical forms ob ­
ta ined  as a resu lt of experim ental changeability; i t  was found th a t  ‘n eu tra l’ 
as well as ‘alkali-producing’ forms o f the  changed bacteria  had  different 
DNA composition com pared w ith th e  initial cultures. The au thors claim 
th a t  alkali-producing forms obtained  under various conditions have a sim i­
lar DNA composition. The sam e can be observed in neu tra l forms.

The specificity index of DNA com position o f alkali-producing forms is 
m arkedly G +  C-type, while neu tra l forms are characterized by A-f-T-type. 
RNA com position of these varian ts  changes insignificantly.

Blokhina e t al. (1961) noted DNA com position changes o f ‘w ate r’ and 
•pigm entary’ varian ts o f E n terobacteria  w ith changed m etabolism .

D u tta  e t al. (1956) when studying  DNA and RNA com positions of a 
strep tom ycin-resistan t culture of Sarcina lutea found th a t  DNA com position 
did  no t change while th a t  of RNA changed a little.

Jones e t al. (1957) found changes in DNA composition of a streptom ycin- 
resistan t strain , Aerobacter aerogenes, b u t they  did no t find any considerable 
changes in RNA composition.

G uberniyev and Ugoleva (1960) did no t find any changes of DNA com po­
sition in Staphylococcus 209-P which is resistan t to  streptom ycin and 
actinoxantine. Changes of specificity index of DNA com position were noted 
only in the  varian t which had 1000 tim es enlarged resistance to  ac tinoxan­
tine.

59



The exam ples tak en  from  th e  lite ra tu re  and  cited here are few and deal 
with varian ts obtained in conditions different from  transform ation. Our 
p resen tation  contains inform ation on the  study  of DNA composition in 
varian ts obtained by transform ation  w ith the  help of DNA. V ariants, 
henceforth called transform ants, were obtained by V. Ya. R om anstova in 
the D epartm ent of Genetics of Microorganisms, In s titu te  of Microbiology of 
the Academ y of Sciences of the  U krainian  S.S.R. when she was cultivating 
the  initial cultures of recipients B. typhim urium  8407, B. paracoli 63/1,

T A B L E i

Composition of the D N A s  of the cultures of the recipient, donor and transform ants

Culture
N-c intent of bases mol% (i A <} +  A G+C

(t A C T ~T~ b+T A+T

B . pa ra co li  63/1 r e c ip ie n t 2 5 .5 2 3 .S 2 6 .5 24 .2 0 .9 6 0 .9 8 0 .9 7 1 .08
± 0 .0 0 8 1

B . p a ra c o li  63/1 d on or 24.Ő 2 4 .9 2 5 .2 25.4 0 .9 6 0 .9 8 0 .9 7 0 .9 9
± 0 . 0 1 5

T ra n sfo rm a n t 21 ............. 2 4 .6 2 5 .8 2 4 .8 2 4 .8 0 .9 8 1 .03 1.01 0 .9 8
± 0 .0 2 1

T ra n sfo rm a n t 24  .............. 24 .7 2 5 .6 24 .7 2 5 .0 0 .9 7 1 .02 0 .9 9 0 .9 8
± 0 . 0 2

B. typhi abdominalis 319 on MPB w ith the addition of DNA obtained  from 
the  donor B. paracoli 63/1 resistan t to  10,000 un its of streptom ycin. The 
biological properties of the  transfo rm ants obtained differed from  those of 
the initial cultures only in the  degree of streptom ycin  resistance.

The m ethods of Spirin e t al. (1956) were em ployed to  s tudy  th e  nucleotide 
composition, and the  m ethods of Y evreinova et al. (1958) were used for 
hydrolysis.

Our d a ta  agree w ith Chargaff’s results for high-polym er DNA. The speci­
ficity index G -(-C /A +T of DNA com position of the  donor culture, th a t  is, 
a strep tom ycin-resistan t v a rian t obtained by  inoculation in m edia w ith 
gradually  increasing concentration of an antib iotic am ounts to  0.99 which is 
som ew hat lower th an  th a t  of the  initial culture. The DNA com position of 
transfo rm ants 21 and  24 is identical w ith  th a t  of the  donor, and  their 
specificity index equals 0.98 (Table I).

Changes in DNA composition occur as a  resu lt of a decrease in guanine and 
cytosine and  an increase in adenine and thym ine.

The DNA com position of hetero-transform ants X-21 obtained from B. 
typhim urium  8407, and 60 and  57 obtained  from B. typhi abdominalis 319, 
practically  does n o t alter.

In  th is way, th e  changes of the  specificity index of DNA were observed 
in transfo rm ants ob tained  from B. paracoli, th a t  is, under the  conditions of 
an  isotransform ation test, when the  donor and recipient were subcultures 
o f th e  same strain . I t  should be noted th a t  th e  specificity indices of s trep to ­
m ycin-resistant varian ts  B. paracoli ob tained  by serial transfers as well as 
by transform ation  coincide. Thus, irrespective of th e  m ethods of getting  
th e  varian ts, th e ir DNA composition changes sim ilarly.
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Besides th e  single transfo rm ants described, double transfo rm ants were 
separated  in the  same experim ents. These double transfo rm ants differed 
from the  in itial cultures in their different degrees of resistance to  s trep tom y­
cin and  ab ility  to  be agglu tinated  w ith the  antiserum  o f the  donor (Table II). 
We studied DNA-12 com position of th e  double transfo rm ants obtained from 
B. typhim urium  8407 and B. typhi abdominalis 319 and  1203. The specificity 
index of DNA com position of all the  double transfo rm ants studied changes 
approaching the  specificity index of DNA composition of the  donor culture.

T A B L E  I I

Characteristics of the double transform ants

Culture
Resistance to 
streptomycin 
U/ml medium

Degree of 
agglutinability 
with antiserum 
of the donor

Specificity index 
of DNA compo­

sition 
G +  C
Ä v r

B .  p a r a c o l i  63 /1  d o n o r ................................................... 1 0 ,0 0 0 1 /1 2 ,8 0 0 0 .9 9

B .  t y p h i m u r i u m  840 7  r e c ip i e n t  .............................. 80 — 1 .16
T r a n s f o r m a n t  32 ...................................................... 1 0 ,0 0 0 1 /2 0 0 0 .9 7

2 ...................................................... 1 ,0 0 0 1 /200 0 .9 9
30 ...................................................... 2 ,0 0 0 1 /100 0 .9 9

12-1 ...................................................... 5 ,0 0 0 1 /200 1 .02
3 ...................................................... 2 ,0 0 0 1 /200 0 .9 9

9-1 ...................................................... 5 ,0 0 0 1 /200 0 .9 9

B .  t y p h i  a b d o m i n a l i s  31 9  r e c ip ie n t  ...................... 50 — 1 .09
T r a n s f o r m a n t  13 .............................................. 1 0 ,0 0 0 1/200 1.01

35  .............................................. 5 ,0 0 0 1/100 0 .9 4
10  .............................................. 2 ,5 0 0 1 /200 0 .9 7

B .  t y p h i  a b d o m i n a l i s  1203  r e c ip ie n t  ................... 750 — 1 .06
T r a n s f o r m a n t  2 a  ........................................ 4 ,5 0 0 1 /100 0 .9 7

3 a  ........................................ 1 ,500 1 /100 0 .9 7
5 ......................................... 3 ,0 0 0 1 /100 0 .9 7

Thus, the  DNA com position specificity indices of the  transfo rm ants ob­
ta in ed  from B. typhim urium  8407 and B. typhi abdominalis 1203 equal 
0.97-0.99, except transfo rm an t 12-1; th e  initial culture of B. typhim urium  
8407 had  1.16, and  B. typhi abdominalis 1203 had  1.06; th e  transfo rm ants 
13, 35 and  10 of B. typh i abdominalis 319 have different indices, i.e. 1.01, 
0.94, and 0.97.

I t  should be m entioned th a t  we failed to  find any correlation between the  
change of DNA com position and  th e  degree of resistance to  antib io tics ac ­
quired by  the  transform ants. Thus, transfo rm ants B. typhim urium  30 and 
3 which are resistan t to  2,000 units of streptom ycin, and  transfo rm an t 2 
which is resistan t to  1,000 units of streptom ycin, have a specificity index 
of DNA com position sim ilar to  th a t of transfo rm an t 9-1, which is resistan t 
to  5,000 un its o f streptom ycin. The DNA com position specificity indices 
o f th ree transfo rm ants of B. typhi abdominalis 319 and  th e  degree of their
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resistance to  antib io tics are different b u t again in th is  case no correlation 
between them  has been observed.

We also failed to  find a definite correlation between th e  changes of th e  
specificity index of DNA com position and th e  degree of agglutinability  with 
th e  antiserum  of the  donor culture; possibly, th is can be explained by the  
fact th a t  the  agglutinability  of these cultures of transfo rm ants was low in 
solutions (1/100 and  1/200).

C O N C L U S I O N S

(1) The specificity index of DNA com position o f strep tom ycin-resistan t 
transfo rm ants obtained under conditions of isotransform ation is subject 
to  changes, whereas no noticeable changes have been found in the  hetero­
transform ants.

(2) The DNA com position of the  stud ied  double transform ants, th e ir 
resistance to  streptom ycin and their capability  o f agglu tinating w ith  th e  
an tiserum  of th e  donor are identical w ith  th e  DNA com position of the  donor.

(3) The change of specificity index of DNA com position under th e  con­
ditions of heterotransform ation is possibly connected w ith  th e  changes o f 
th e  antigen s tru c tu re  of the  transform ants.
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D ISCUSSION

Sz y b a l sk i: I f  I  have understood correctly, I  th ink it would be a basis for 
a discussion, if  you have a donor and  a recipient and  th e  donor has a little  
less G + C  con ten t th a n  th e  recipient has, and  th e  transfo rm an t has a 
sim ilar am ount of G-)-C as has th e  donor, which, I  understand  is about 
tw o per cent difference. May I  ask Dr. P aku la  to  tran sla te  m y question, 
w hether it  is correct?

P a k u l a : D r D ekhtyarenko, as D r Szybalski explains, if  th e  donor strain  
and  the  recipient one were d ifferent in th e ir G + C  content, one should 
know w hat difference there was betw een them . (A fter th a t  Professor

62



P aku la  has tran sla ted  the  question, D r D ekhtyarenko gives the  expla­
nation in Russian.)

Sz y b a l sk i: Then it  is less th an  two per cent.
P a k u l a : Are you satisfied w ith th e  answer, D r Szybalski? Then I  should 

like to  ask a question. I  have never done any transform ation  w ith  g ram ­
negative bacteria and  I  should like to  know some details o f the  m ethod 
o f transform ation  ju s t used, because here you deal w ith interspecific 
transform ation  and  w ith  intraspecific one. The interspecific transfo rm a­
tion is between Salmonella typhimurium, S. typhi and E. paracoli bacteria. 
So, I  should like to  know some details, ju s t ab o u t th e  technique of tra n s ­
form ation. (Dr D ekhtyarenko gives her explanation in Russian.) T hank 
you, I  shall n o t tran sla te  more, because it  was a question o f m y personal 
interest.
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A N D  I N H I B I T I O N  O F  I N F E C T I O N

By
M. K ohoutová

DEPARTMENT OF MICROBIAL GENETICS AND VARIABILITY,
INSTITUTE OF MICROBIOLOGY, CZECHOSLOVAK ACADEMY OF SCIENCES,

PRAGUE, CZECHOSLOVAKIA

The infection of the  recipient cell by biologically active transform ing DNA 
in  vitro can be p revented  or reduced by  a num ber of factors; a m uch more 
difficult task  for th e  investigator is, however, to  obtain  a regular high infec­
tion  which finally results in  a transform ed cell, and th is is because we still 
do n o t know the  basis o f competence.

The problem  of the  basis of the  physiological s ta te  a t  which the  recipient 
cell becomes com petent in terested  us righ t from  th e  beginning o f our work 
on th e  transform ation  o f the  character in Pneumococcus. In  th e  presen t 
study , using th e  m ethod of transform ation  of th e  w ell-evaluated character 
of streptom ycin  resistance, we s ta rted  from  certain  premises based on our 
results obtained during th e  transform ation  of the  character of thepolysaccha- 
ride capsule in our recipient s tra in  of Pneumococcus (K ohoutová 1961, 1962, 
K ohoutová and  K opecká 1963).

The premises from which we s ta rted  were as follows. (1) W hen using the  
sa tu ra tio n  concentration of DNA, th e  lim iting factor which determ ines the  
num ber of the  developed transfo rm ants is th e  num ber of com petent cells 
(H otchkiss 1954). I f  we use the  sa tu ra tion  concentration of DNA and  add 
salts w ith  un ivalent kations to  th e  com plete transform ation  m edium  (so 
th a t  in fact we have a hypertonic medium) and  th ey  regularize the  results 
of the  transform ation  reaction and  increase th e  frequency of the  transfo r­
m ants, we m ay assum e th a t  somehow th ey  partic ipa te  in the  reactions which 
are responsible for th e  competence, or th a t  they  p artak e  directly  in th e  com ­
p eten t reaction. (2) P rovided th a t  in the  presence of a  strong inh ib itor of 
DNAse sm all quantities o f active DNAse, which ac t in a short tim e in terval, 
are required for the  transform ation reaction to  proceed, then  it  is probable 
th a t in  th e  norm al transform ation  reaction m echanisms also exist which a t 
the  righ t m om ent ac tiva te  and inh ib it the  DNAse. The m ost likely m om ent 
in the  sequence of reactions leading to  the transform ed cell where DNAse 
could partic ipa te  in the  reaction, appears to  be again the  com petent s ta te  
of the  recipient cell, when the  cell is perm eable for large molecules (Thomas 
1955, O ttolenghi and  H otchkiss 1962). R ecently , Lacks published an in te r­
esting paper (1962) which also supports th is hypothesis.

In  order to  come som ew hat nearer to  the  question of th e  basis of com pe­
tence and  so to  gain control over the  infection o f the  recipient cell by  tra n s ­
form ing DNA, in our s tudy  we followed up th e  factors which had  a consider­
able influence on the  frequency o f th e  transform ants, which either increased 
or reduced i t  and again regularized i t  to  the  level of the  control. As tim e is 
short, I  shall m ention here only some of th e  results.

S y m p . B iol. H ung . 6 , 65-72 (1965)
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I f  we add  KC1 sa lt a t  a final concentration of 0.2 M to  th e  NS transfo rm a­
tion  m edium , prepared a fte r E phrussi-Taylor (a modification o f 1951) 
and  follow up its  effect on th e  origin and  course o f com petence by tak ing  
sam ples o f 0.1 ml of the  growing recipient culture every 10 min and  dilu ting 
i t  in to  1 ml of the  pre-cooled transform ation  m edium  w ith  DNA, we see 
(Fig. 1) th a t  in the  first cycle of com petence its effect is m inim al and som e­
tim es ra th e r inhibiting, in particu la r in th e  declining phase of competence.

tim e, min
F i g . 1.—Cyclical developm ent o f  com petence. In fluence o f  KCI 0.2 M

In  contrast, in  th e  second cycle, where a  rap id  drop of the  transfo rm ants 
occurs in th e  control in  com parison w ith th e  first cycle, the  effect o f KCI is 
always stim ulating  and  causes a m ultifold increase in frequency of the 
transform ants. The concentrations of 0.2 M, 0.15 M and  0.1 M did  not 
substan tia lly  influence th is course. The concentration of 0.2 M always 
seemed to  be th e  m ost effective for stim ulation  of transform ation. F igure 2 
shows th a t  th e  size of inoculum  in th e  transform ation  m edium , in th e  lim its 
of 3 X 106, 6 X 106, and  1.2 X 107 colony form ing un its per ml of the  
inoculated transform ation  medium, and  of th e  same physiological condi­
tion, also seems to  have no influence on th e  course of the  com petence in 
th e  presence of KCI. W e see th a t  KCI again unusually  increased th e  num ber
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of transfo rm ants only in the  second cycle of competence. In  contrast, in 
the  first cycle it  ac ted  as inhibitor.

I t  is, however, interesting th a t  in th e  actual transform ation  experim ents, 
when we used 1 ml of non-diluted ice-cooled recipient cu lture for 3 min, 
which was added to  DNA also in ice-cooled te s t tubes, there occurred a sub ­
stan tia l increase in the  transfo rm ants in the  presence of KC1 and  th a t  was 
independent of the  degree of com petence of th e  recipient culture. The in-

10s

10*

10 3

10 2

crease always appeared w hether we used the  recipient culture in its  maxim al 
com petence or w hether before or a fte r the  peak of m axim al competence.

In  Fig. 3 we see the  num ber o f transfo rm ants in 1 ml of th e  recipient cul­
tu re , when th e  recipient cultures of 80 min, i.e. 10 min prior to  peak o f the  
competence, as well as the  cultures of 120, 180, and  230 min, i.e. far behind 
the  peak of th e  competence, are added to  DNA w ith 0.2, 0.15, and  0.1 M 
KC1 in the  final concentration. In  con trast to  the  controls in th e  NS m edium , 
the  relative increase is approxim ately  4, 25, 40, and  OOfold in th e  correspond­
ing tim e in th e  presence of 0.2 M KC1 in the  final concentration. W e see th a t

_ l_______I_______1_______I_______ 1_______ I I I_______ I_______ 1_______I_______ I______ 3 i_
60 75 30 105 120 135 150 165 180 195 210 225 290

time, min
F ig . 2. E ffect o f KC1 on th ree  different init ial densities o f rec ip ien t cu ltu re
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th e  highest relative effect of KC1 is found a t  the  low s ta te  of competence, i.e. 
if  we use th e  recipient culture when it  is far past th e  s ta te  of th e  m axim al 
com petence and  when th e  frequency of the  transfo rm ants in th e  NS medium 
is very low.

Figure 4 represents th e  follow-up of the  kinetics of the  effect of KC1 as 
a function o f tim e. In  a series of equally prepared  te s t tubes w ith  DN A, in 
the  NS medium  inoculated w ith 1 ml o f a highly com petent culture which

10 6

102
1 2 3 0  1 2 3 0  1 2 3 0  1 2 3 0

80 120 180 230
time, min

Kig . 3. — Effect o f various co n cen tra tions o f KC1 on tran sfo rm atio n

had  been cooled for 3 min in ice, we added KC1 to achieve the  final concen­
tra tio n  of 0.2 M. A t 0, 1, 2, 3, 5, 10, 15, 20, and 30 min KC1 was added to  the  
D N A -bacterial complex and  kep t in all te s t tubes for 30 min in a b a th  a t  
37° C and then  p u t in to  ice and su itab ly  d ilu ted  on the  plates. The control 
in  the  NS m edium  w ithou t KC1 was trea ted  in th e  sam e way. As can be seen 
in  Fig. 4, th e  highest effect of KC1 was in  the  3 min old D N A -bacterial com ­
plex. From  0 m in up to  3 m in th e  effect increased, then  fell again rapidly  
and  in the  30th  min i t  sank below the  value of its own control.

F igure 5 expresses th e  follow-up of the  penetra tion  of DNA in to  the  reci­
p ien t cells as a function o f tim e. In  a series of identically  prepared te s t tubes
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w ith  D N A -bacterial complex e ither in  NS or NS with KC1 m edium  DNAse 
was added  a t  zero tim e, then  a fte r 1, 2, 3, 5, 10, 20, and  30 m in and  a fte r 
a fu rth e r incubation of 1 m in w ith  DNAse th e  sam ples were p u t in to  ice and  
a fte r proper dilution th ey  were plated . B oth  experim ents were carried o u t 
in th e  course of a 30-40 m in in terva l on th e  sam e recipient culture.

I t  is ev ident th a t  in the  first 10 min the  num ber of the  com petent cells per 
1 ml in bo th  system s gradually  increased. However, th e  increase in the  pure 
NS m edium  was steeper th an  th a t  in  th e  NS medium  w ith KC1. Ten m inutes 
la te r th e  com petent s ta te  o f the  cells had  obviously term inated , th e  DNAse 
could no longer influence th e  penetra ted  DNA. A steep increase in th e  trans-

F ig . 4 .—K in e tic s  o f  KC1 as a  fu n c tio n  o f  tim e

form ants occurred in  th e  NS w ith KC1 medium, m any tim es higher th an  in 
th e  pure NS m edium , and  th e  reaction seemed to  be concluded in the  30th 
m inute.

The results of our experim ents seem to indicate th a t, if  we add  0.2 M 
KC1 or NaCl to  the  NS m edium  a t th e  m om ent when the  ac tua l tran sfo rm a­
tion  reaction proceeds, th e  effect of th e  hypertonic transform ation  medium, 
which we use in our work, is m ost intense when i t  is added to  a 2-3 min 
old D N A -bacterial complex and  no t to  a 0-2 m inő id  complex. This seems to  
suggest th a t  KC1 does no t ac t a t  th e  period when th e  m axim al adsorption 
of DNA onto the  cell receptors takes place, b u t ra th e r a t  a  period o f m axim al 
penetra tion  and  fixation of DNA by  th e  com petent cells. The effect of KC1 
salt added  to  a D N A -bacterial complex which is older th an  3 m in decreased 
rapidly  though the  com petent s ta te  under our experim ental conditions 
lasted  for 10 min. We m ay, however, assum e th a t  com petence also decreased 
in these 10 min.

F igure 5 seems to  show th a t  in the  presence of 0.2 M KC1 th e  DNAse 
enters th e  com petent cell along w ith th e  DNA (Thomas 1955), because in 
th e  first 10 min in the  m edium  w ith KC1 we obtained  a  substan tially  lower
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num ber of transfo rm ants th an  in th e  control w ithout KC1, b u t a fte r th e  
term ination  of th e  com petence, i.e. when DNAse was added to  a 10 min old 
D N A -bacterial complex, when th e  DNAse could no longer affect th e  DNA 
which had  p en e tra ted  in to  th e  cell, a  lOfold increase of transfo rm ants per 
1 ml occurred in th e  presence of KC1, in con trast to  th e  control w ithout 
KC1. Fox (1959) and Fox and  H otchkiss (1960) found th a t  th e  am ount of 
th e  DNA fixed by th e  transform ed population of bacteria  is p roportional

to  the  num ber of bac teria  tran s­
formed. We m ay, therefore, de­
duce th a t  KC1 by some m echan­
ism leads to  an  increase in the  
irreversible fixation of DNA.

Because th e  effect of KC1, in 
com parison w ith the  control with ­
ou t KC1, increased no t tow ards 
the  peak of the  com petence b u t 
exactly  opposite, a t  a tim e when 
the  conditions for com petence 
were unfavourable, i t  seems p ro ­
bable th a t  KC1 partic ipa tes in 
th e  reactions which are respons­
ible for th e  origin o f the  com pe­
tence. I t  is likely th a t  th e  hyper­
tonic m edium  stabilizes th e  tem ­
porary  one, as if  i t  were the  
pro toplastic s ta te  of th e  dividing 
recipients, and  thus increases the 
am ount of th e  p ene tra ted  DNA, 
or a t  a certain  in s tan t increases 
the  to ta l of the modified compe­
te n t cells in the  population. B oth 
these explanations would ind i­
cate th a t  th e  com petent s ta te , 
in the  sense of th e  hypothesis 
of a localized pro toplast, includ­
es th e  increased perm eability  
for macromolecules. A t the  same

tim e, th e  results of our experim ents show th a t  th e  transform ation  was stim ­
u lated  only in those instances when we added th e  recipient cells to  DNA w ith 
KC1 in an  undilu ted  state . I f  we dilu ted  th e  com petent cells into the  tran s­
form ation m edium  w ith DNA in the  presence of KC1 salt, it inhibited the  
transform ation. This would suggest th a t  KC1 acts as a s tim ulato r provided 
th a t  some factor carried in bv the  recipient cells exists in  a surplus, b u t as an 
inh ib itor as soon as th is  factor drops below a certain  probably  optim al level. 
This implies th a t  i t  m ight be a question of the qu an tita tiv e  relations be­
tw een the  su b stra te  and  the  enzyme during the  contact of DNA w ith  the  com­
p eten t culture. T he factor whose am ount is e ither sm all or insufficient a t 
th e  beginhing of the  com petent phase, probably  optim al in th e  maxim al 
competence, and  excessive in the decreasing phase of the  com petence and 
in the  second cycle of the  com petence seems to  be the enzyme DNAse.

7 0

F ig . 5 .—K in e tic s  o f KC1 u n d e r te rm in a tio n  of 
D N A -bacteria l com plex reac tio n  w ith  D N A se



O ttolenghi and H otchkiss (1962) have shown th a t the  filtrates o f young 
pneumococcus cultures produce a significant effect on th e  biological ac tiv ity  
of DNA in the  sense of its inactivation, and th a t  these filtrates reduce the  
viscosity of the  pneum ococcal DNA. They are of the  opinion th a t  small 
quantities of DNAse, which are produced by pneumococci, resu lt in the  
loss of the  capacity  of the  aging culture to  carry ou t the  transform ation  by 
the  added DNA.

We have obtained analogous, as y e t unpublished, results from  th e  experi­
m ents carried out in our laboratory . We th ink , however, th a t  the  small 
quan tities o f DNAse, if  they  are in an  optim al concentration for th e  given 
reaction, p artic ipa te  actively in the  reactions responsible for the  s ta te  of 
com petence in the  recipient population and th a t  th e  salts which we use for 
th e  process of the  transform ation  reaction, a p a rt from the  functions already 
m entioned, inh ib it th e  DNAse which is p resent in a surplus in th e  growing 
culture, so th a t  th ey  substan tially  help to  increase the  transfo rm ants even 
in cultures w ith an  originally low competence, b u t ac t as inhibitors if  there 
is suboptim al concentration of DNAse in the  reaction system , i.e. on dilution 
of the  recipient culture from the  first cycle of competence.
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DISCUSSION

St a h l : Upon w hat evidence do you identify  the  ‘com petence substance’ 
as DNAse?

K o h o u to v á : I  should no t speak of DNAse as a ‘com petence substance’. 
Our previous experim ental results and  the results presented a t  th is Sym ­
posium and  those I  shall present a t  the  Congress of Genetics at The Hague 
strongly indicate th a t  DNAse takes an  active p a r t in th e  transform ation 
reaction, specifically in th e  reaction or the  reactions connected w ith com ­
petence. Therefore, we do th ink  th a t  DNAse is n o t only a depolym erizing 
enzyme, b u t a t  a certain  m om ent of the  com petent reaction and a t  o p ti­
mal concentrations of the  substra te  and  th e  enzyme, in the  presence of 
specific inhibitors, which m ight be bound in the  cell, the  DNAse m ight 
ac t on the  DNA a t the  m om ent of penetration.

H o t c h k is s : None of our own work w ith  Pneum ococcus is in  serious conflict 
w ith th e  work D r K ohoutová has presented, although we have no t been
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convinced th a t  nuclease-like activ ity  from  outside the  cell is involved in 
ac tiva ting  DNA for transform ing effectiveness. I  am  again im pressed 
how essential i t  is to  investigate th e  condition for competence, as D r 
K ohoutová has so carefully and thoroughly done, before one can do reli­
able q u an tita tiv e  work w ith a new system . I t  is very  encouraging to  see 
th a t  such difficult work has been carried forw ard so well.

K o h o u to v á : We, o f course, do n o t th in k  o f an  effect of DNAse from  o u t­
side b u t from  inside the  cell or somewhere in the  space between th e  cy to ­
plasm ic m em brane and the  cell wall, from  where the  DNAse comes off 
in to  the  culture medium.
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I N F E C T I V I T Y  O F  I S O L A T E D  B.  S U  B T  I  L I S
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J.  F ö l d e s * and T h o m a s  A. T r a u t n e r **

INSTITUT FÜR GENETIK DER UNIVERSITÄT ZU KÖLN,
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Phenol-ex tracted  DNA from  bacteriophage SP3 has been reported  to  be 
infective for com petent cells of B. subtilis (Romig 1962). Since the  effi­
ciency of th is system  was low, i t  seemed of in te rest to  te s t w hether higher 
yields of infectivity , which would allow a q u an tita tiv e  investigation of such 
a phage DNA infection, could be ob tained  w ith  another phage and  under 
different conditions for infection.

A viru len t B. subtilis phage, term ed SP50, was isolated from soil. Phenol 
ex tracts  from  purified stocks of th is  phage, which did n o t contain any com ­
plete virus, were found to  in itia te  th e  production of com plete phage particles, 
when incubated  w ith  cells of B. subtilis s tra in  168, which were com petent for 
bacterial transform ation.

The following results indicated  th a t  the  infective m aterial in th e  phenol 
ex trac t is DNA. (1) T reatm en t of the  phenol ex trac t w ith  DNAse or shear­
ing it  by  passage th rough  a  capillary p ip e tte  elim inated infectiv ity . (2) No 
infectiv ity  was observed, when non-com petent cells were used for infection 
by  th e  phenol ex tract. (3) The infectiv ity  was drastically  reduced, when 
foreign DNA was present during th e  incubation of com petent bac teria  w ith  
th e  phage ex tract.

N either th e  trea tm en ts  m entioned, nor th e  choice o f p la ting  bac teria  
(com petent or non-com petent cells) influence th e  infectiv ity  of in tac t SP50 
phage.

I t  can be assum ed th a t  the  u p take of th e  complete genome of the  phage is 
required  to  in itia te  phage production in a cell. This w ould represent an 
am oun t of DNA roughly 100 tim es g reater th an  th a t  tak en  up  in  tran sfo r­
m ations of single bacterial m arkers. The following peculiarities of infection 
o f B. subtilis w ith  SP50 DNA m ay be a ttrib u tab le  to  th e  necessity for th is 
large am ount of DNA. (1) A more th a n  linear increase in p laque num ber is 
observed, when increasing am ounts o f DNA are used for infection. This re la ­
tionship  is ten ta tiv e ly  in te rp re ted  as being due to  several fragm ents o f phage 
DNA ra th e r th a n  one integer DNA molecule com prising th e  infective un it. 
(2) The efficiency of infection is low as com pared w ith  th e  transfo rm ation  of 
bacterial m arkers. W ith  a  final DNA concentration in  the  incubation  m ix­
tu re  of 1 //g/rn! and  a  cell concentration of 2 X 107/ml, approxim ately  100

* S tipend ia t 1962/1963 o f H um boldt S tiftu n g , B ad  G odesberg, D eutsche B undesrepublik. 
P e rm a n e n t add ress  In s t i tu te  o f  M icrobiology, U n iv e rs ity  M edical School, Szeged, 
H u n g a ry .

** H abilitandenstipendiat o f Deutsche Forschungsgemeinschaft, B ad  G odesberg, 
D eu tsch e  B u n d esrep u b lik .
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cells will give phage progeny. (3) The u p take of a whole phage DNA equi­
valen t is com pleted by the  m ajority  of cells only a t  3 hours a fte r th e  m ixing 
of com petent cells and phage DNA, although an ‘a ttac h m e n t’ reaction 
betw een DNA and  cells is com paratively fast. This was concluded from  th e  
following experim ent. A series of identical m ixtures of phage DNA and  cells 
were incubated  for 25 m in a t  30° C (‘a ttac h m e n t’ period). All m ixtures were 
th en  plated , and  th e  incubation continued a t  37° C. DNAse was layered on 
top  o f individual p lates a t  vary ing  tim es during the  incubation period. 
No infected cells were observed in sam ples trea ted  during th e  first hour of 
incubation a fte r plating. W ith  sam ples trea ted  later, th e  num ber of infected 
cells rose to  th e  level observed w ith  un trea ted  plates, which was reached a fte r 
3 hours.

A detailed  account of th is work is being published elsewhere (Földes and  
T rau tn e r 1964).
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D ISCUSSIO N

P a k u l a : May I  ask you abou t th e  molecular w eight of th e  phage DNA 
you use and  the technique?

T r a u t n e r : The indirect evidence from  th e  irrad ia tion  studies seems to  show 
th a t  i t  is som ewhat sm aller th a n  th a t  of the  T2 or T4 DNA.

P a k u l a : This, perhaps, is sm aller th an  th e  usual m olecular size o f tran s­
forming DNA. In  o ther words, the  transform ing  D N A ’s size is bigger.

T r a u t n e r : I  th ink , it  is smaller.
W a t a n a b e : I  consider th e  bacterial piece would be larger th an  th e  one of the  

phage.
T r a u t n e r : Yes, th a t  is th e  question.
Sz y b a l sk i: This m ust be abou t one hundred  million.
Cl o w e s : H ave you ever tried  in your transform ation  studies to  use phage 

resistan t recipients?
T r a u t n e r : N o.
Cl o w e s : This m ight no t only restric t the  plaque formers in transform ants, 

b u t could insure against any  side-effects by o ther phage fragm ents, involv­
ing norm al adsorption w ith possible le thality .

T r a u t n e r : No, we have no t y e t tried  this.
H o t c h k iss : I  am  im pressed th a t  bo th  th e  con tribu to ry  effect of higher DNA 

concentration and  th a t  of additional tim e of reaction are quite parallel 
to  th e  effects in pneum ococcal transfo rm ation  which we have analysed 
as evidence of m ultip licity  (reaction w ith  two DNA particles). Is  i t  no t 
more significant to  know how m any DNA particles are required  for 
plaque induction th a n  w hat mass of DNA is needed? J u s t  because you 
are dealing w ith  a m ultipartic le transform ation.

T r a u t n e r : Y es, i t  is a  m u ltip a rtic le  tra n sfo rm a tio n , b u t  i t  m u s t be th a t  
even  m ore th a n  tw o  p a rtic le s  are  invo lved .
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Dependence on strep tom ycin  (str-d) is one of th ree a lternative  genetically 
determ ined responses of bac teria  to  the  presence or absence of streptom ycin 
in its environm ent, th e  tw o others being sensitiv ity  and  resistance (str-s and  
str-r). The genetic analyses of differences betw een the  single-step and  m ulti- 
step  types of m u ta tion  to  strep tom ycin  resistance a t  a high level have been 
m ade by  m eans of genetic transfo rm ation  w ith  Diplococcus pneumoniae 
(H otchkiss 1952, H ashim oto 1955a), conjugation w ith  Escherichia coli (Ushi- 
b a e t  al. 1957) and  transduction  w ith  Salmonella typhim urium  (W atanabeand  
W atanabe 1959a,b). The genetic analyses o f streptom ycin  dependence have 
been m ade by  conjugation w ith  E. coli K12 (Demerec e t al. 1949, Newcombe 
an d  N yholm  1950, Szybalski and  Cocito-Vandermeulen 1958), transduction  
w ith  E. coli (Lennox 1955, H ashim oto 1960) and transfo rm ation  w ith 
D. pneumoniae (H ashim oto 1955b). An indirect way of analysis of s trep to ­
m ycin dependence by  m eans of the  estim ation of suppressor m utations was 
chosen w ith  Proteus m irabilis (Böhme 1961).

The s tudy  reported  here a ttem p ts  to  answer the  following questions. 
(1) Is  i t  possible to  transform  streptom ycin  dependence (Balassa, G. 1963, 
Balassa, R. and  Gábor, M. in press) and  independence, th a t  m eans s trep to ­
m ycin resistance or sensitiv ity  in Rhlzobium ? (2) W hether or n o t single- 
step, highly strep tom ycin-resistan t and dependent m u tan ts  of independent 
origin do resu lt from m utations a t  th e  same gene locus (or a t  very  closely 
linked loci)? (3) W hether the  streptom ycin-sensitive ‘rev e rtan ts’ (m utan ts 
or transform ants) from  str-d  were tru e  revertan ts, due to  reverse m utation  
a t  the  sam e locus or to  change in some o ther p a r t of th e  genome (a t a  suppres­
sor locus which modified the expression of the  str-d  m u tan t gene)?

The strains used were the  following: streptom ycin  sensitive rough s tra in  
H-13-3 (3 str-s) o f Bhizobium  lup in i (Balassa, R . and Gábor, M. 1961), its 
single-step m u tan ts  tow ard  resistance and  dependence on a high concen­
tra tio n  of streptom ycin, and  streptom ycin-sensitive rev ertan t strains o b ta in ­
ed by a  single-step selection of spontaneous m u tan ts  or of transfo rm ants on 
strep tom ycin  containing or lacking m edium , respectively.

The transform ation  system  used consisted of a com petent recipient cu l­
tu re , abou t (1-5) X 106 bacteria per ml or (1-5) X 105 bac teria  per ml. 
The fresh transform ation  medium  was prepared w ith 300 /ig/m I s trep to ­
mycin in  th e  case of transform ation of streptom ycin independence, or w ithout, 
in the  case of transfo rm ation  of streptom ycin  dependence (in th e  la tte r  case 
th e  recipient was a  str-s culture) (Balassa, R . 1957). In  m ost experi­
m ents, th e  contact betw een the  donor DNA and  the  recipient cells was no t
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in te rru p ted  for 24 hours. In  the  control DNAse was used. The num ber of 
transfo rm ants was determ ined on selective m edium  containing or lacking 
streptom ycin, respectively, and  the  to ta l num ber of cells was scored on 
appropriate  n u trien t medium. The transform ation  frequency was expressed 
as a  percentage of th e  to ta l num ber of cells. W hen th e  recipient culture used 
was streptom ycin-dependent, th e  num ber of transfo rm ants and  th e  to ta l 
num ber of cells were determ ined before and  a fte r washing tw ice w ith  saline. 
The developed transfo rm an t colonies were picked up from  n u trien t agar, 
suspended in  saline and  p la ted  on n u trien t agar w ith different concentra­
tions of streptom ycin  (0, 10, 30, 50, 100, 300, 1000 ,ug/ml). Our results are 
as follows. (1) The transform ation  frequency of streptom ycin  resistance in 
th e  str-s recipient is 0.05-1 per cent. (The more detailed  d a ta  abou t 
transform ability , in tra- and  interspecific transform ations, levels o f resis­
tance transferred , single and  complex m utations are described in Balassa, 
R. and  Gábor, M. 1961.) (2) The transfo rm ation  frequency of s tr  depen­
dence, when different donors ( l-s tr-d (iooo) 3-str-d(looo) and  T3-str-d(30(j)) were 
used, was very  low (0.0001-0.00001 per cent). Spontaneous m utation  
occurs from  1 to  4.5 X 109. (3) The DNA of a s tr-d  stra in  is able to  
transfer either resistance to  a low concentration of streptom ycin, or the 
en tire  resistance of th e  donor strain , or, more rarely, dependence itself. 
This suggests th a t  th e  m u ta tion  responsible for dependence is found a t  the  
same locus as th e  com plex streptom ycin  resistance m utation , or in  tw o close­
ly linked loci. (4) There was some correlation between th e  size of tran sfo r­
m an t colonies and  th e ir character, i.e. in  all cases th e  large colonies were 
resistan t, the  m edium  size and  little  ones being either resistan t or dependent. 
(5) The transform ation  frequency of streptom ycin  independence varied  from  
0.039 to  0.074 per cent using different donors.

In  order to  decide w hether dependence and  single-step resistance to  high 
concentration o f streptom ycin  are determ ined by a  single locus or a t  very 
closely linked loci, i t  was necessary to  com pare th e  kind of transform ants 
ob tained  by  transfo rm ation  w ith  th e  DNA of s tr-r strains of different ori­
gin and  th e  transfo rm ants obtained w ith  th e  DNA of ‘w ild’ (str-s) ones. 
I t  was expected th a t  when these m arkers are determ ined by  one single locus 
th e  results would be quite different from  those obtained  if these m arkers 
are closely linked or are, though linked, n o t closely linked. The donor m arker 
of resistance or sensitiveness can be recovered only in th e  case of a single 
locus or in the  case o f close linkage, b u t if  dependence and  resistance are 
no t linked, th e  results of such experim ents would be sim ilar to  those in which 
th e  donor is the  sensitive ‘wild ty p e ’. Table I  shows th e  results of experi­
m ents in  which th e  recipient was s tr-d -15 stra in  and  the  donors either T-str- 
r (10ooi or .str-r-4b(1000) or ‘wild ty p e ’ 3-str-s. I t  becam e ap p aren t th a t  in the  
experim ent in which th e  str-s was the  donor 2900 transform ants, 100 per 
cent of th e  transfo rm an t colonies tested  was sensitive. Thus, the  resu lt of 
th is te s t m akes i t  probable th a t  the  str-d and str-r are determined by one or 
two very close loci. In  the  experim ent when T -str-r(1000) stra in  (a highly resis­
ta n t  one, ob tained  by transform ation of str-r) or str-r-4b(1000) stra in  (a highly 
resistan t ‘re v e rtan t’ ob tained  from  th e  str-d-15) were donors, none of the  
transfo rm an t colonies proved to  be sensitive, th e  great majority of them  
represented th e  donor (resistant) type. Thus, i t  could be supposed th a t  
str-d-15, T -str-r(1000) and str-r-4b(1000) represent closely linked loci. The control
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shows the  d istribu tion  of high-resistant, low -resistant and sensitive ‘rever- 
ta n ts ’ when no DNA or the  DNA prepared from  the  recipient itse lf were 
given to  th e  recipient. I t  is evident th a t  a large num ber of tested  colonies, 
39 and  55 (75 per cent and 64 per cent) were resistan t to  low concentra­
tions o f streptom ycin  (10-50 //g/ml), and  only 3 and  6 colonies (5.6 per cent 
and  6.5 per cent) to  high concentrations of streptom ycin  (100 to  1000//g/ml), 
whereas very few colonies (1 and  7, i.e. 1.9 p e rc e n t and  7.6 per cent) were 
sensitive to  streptom ycin. So th e  experim ents w ith th e  tw o donors (T- 
s tr-r(1000) and  str-r-4b(1000)) indicate th a t  th e  m ajority  o f high-resistant

T A B I E I

R e su lts  o f  tra n s fo rm a tio n  e x p e r im e n ts  w ith  s ir -d -7 . i (100C) s tr a in  a s  r e c ip ie n t a n d  s tr -r ,  s i r s  
or s t r - d - s t r a i n s  a s  D N A  d o n o rs

Donors Control

T-str-r
(1000)

str-r-4b
(1000)

3-str-s
(wild-type) str-s-81 T-str-s-112 with

DNA
without

DNA

Transform ant colonies 
tested ........................ 218 105 2 9 0 0 270 153 52 91

Dependent high 
deg ree .......................... 1 13 0 1 4 2 0

Dependent low degree 3 1 0 3 5 7 23

R esistant high degree 213 91 0 0 0 3 6

R esistant low degree 1 0 0 68 64 39 55

Sensitive ..................... 0 0 290 0 20 4 71 1 7

colonies represents a transform ation  by the  donor m arker, and  th a t 
th e  h igh-resistant ‘rev e rtan ts’ from str-d-15 form only a small fraction. 
All low-resistant types in  str-d-15, str-s-81 and  T-str-s-112 were presum ably 
due to  ‘rev e rtan ts’. Sensitive types could have originated either by reversion 
(see d a ta  of control), or by transfo rm ation  of th e  m arker in 3-str-s and 
str-s-81. I t  is rem arkable th a t  some streptom ycin-sensitive colonies appeared 
between th e  transfo rm ants or in  the  control, which proved to  be str-depend- 
en t a fte r retests, b u t a t  a lower level o f streptom ycin  concentration. We were 
able to  find such kinds of s tr-d  colonies in alm ost all cases. This ty p e  could 
have originated a fte r fu rther reversions.

The th ird  question was w hether the  streptom ycin-sensitive and  the 
strep tom ycin-resistan t ‘rev e rtan ts’ were due to  reverse m u tation  a t  the  
same locus to  which the  original change th a t  caused th e  strep tom ycin-de­
pendence also belonged, or to  m u ta tion  a t a suppressor locus which m odi­
fied th e  expression of the  str-d  m u tan t gene.

The genotype of the  sensitive ‘rev e rtan ts’ o f th e  str-d  strain  can be d e te r­
m ined by  transform ation  experim ents, using th e  sensitive rev ertan ts  as 
recipients, and  the  sensitive ‘wild ty p e ’ as donor. In  our experim ents we
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could n o t prove th e  presence of suppressor locus, so we have to  suppose th a t 
all of seven str-s rev ertan ts  estim ated  were originated by a  reverse m u ta ­
tion (Balassa, R. and  Gábor, M. in press).
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The DNA of Rhizobium meliloti was shown to  be biologically different from 
th a t  of its  lysogenic form for phage 16-3 (Szende e t al. 1961). W ith the  DNA 
isolated from  lysogenic R hizobia im m unity  was transferred  to  non-infected 
cells. The transfo rm an t cells were im m une against a  weak v iru len t m u tan t 
of th e  phage 16-3. The DNA of non-infected cells did  n o t show such activ ity . 
These results prom oted the  search for chemical, physico-chem ical or bio­
chemical differences between the two types of DNA. The zone centrifugation 
m ethod was used for com parative studies, being suitable for characterizing 
well-defined molecular species differing in size, shape or density.

Rhizobium meliloti s tra in  41 and  its  lysogenic form 41(16-3) were isolated 
and  characterized by Szende and  Ördögh (1960). The bac teria  were grown 
in glucose-inorganic m edium  containing y east-ex trac t and P 32 10 mC/ml in 
Tris buffer (pH 7.2). A fter 22 hours of cu ltivation  in ro ta ting  te s t tubes a t  
30° C, th e  cells were spun down, washed and  d isrupted  w ith one per cent 
sodium deoxycholate in 0.1 M sodium chloride. The ex trac ted  DNA was 
deproteinized w ith phenol and  trea ted  with RNAse. A fter a final phenol t r e a t­
m ent and several o ther washings, the  DNA was p recip ita ted  w ith  ethanol. 
This was the  m ethod w orked ou t for the  p reparation  of transform ing DNA.

The zone centrifugation was carried o u t according to  H ershey e t al. 
(1963). The DNA preparations were dissolved in 0.1 M sodium  chloride 
(pH 7.5 w ith  Tris) and  50 ,ul of each of these solutions containing 10-20 /ig 
DNA were layered on the  sucrose gradient. The g rad ien t was m ade of 25 
per cent sucrose in 0.1 M sodium chloride (p H 7.5) continuously d ilu ting it 
to  6 per cent w ith the  saline in to  the  5 ml cellulose tu b e  of the  sw 39 ro to r 
of Spinco Mod. L 50 centrifuge. A fter running for 4.3 X 109 (rpm )2h, 40 
serial sam ples were collected on planchets trough, the  hole punctu red  a t  
the  bo ttom  of each tube. The d istribu tion  of the  DNA was determ ined by 
m easuring th e  rad ioactiv ity  on the  p lanchets w ith  an end-window GM-tube.

The sedim entation distribu tions of the  prepared native DNA of Rhizobium  
41 and  of its  lysogenic 41(16-3) are shown in Fig. 1. In  th e  direction o f sedi­
m entation  (from righ t to  left) the  first sm aller peak represents the  p a r t  of 
DNA degraded during th e  preparation . The peak w ith  higher sedim entation 
ra te  corresponds to  the  really native  DNA. Com paring th e  sedim entation 
d istributions of the  tw o types o f DNA, the  native p a r t  of the  non-infected 
cells seems to  be more homogeneous th an  th a t  of the  lysogenic cells. In  the 
case of th e  slower com ponents th is  p a r t  of th e  lysogenic DNA sedim ented 
faste r th an  did  the  41 type. The m axim um  is shifted  tow ards th e  sucrose 
g rad ien t of higher specific gravity .

S y m p . Biol. H ung . 6, 79-82 (1965)
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F ig . 1 .—S ed im en ta tion  d is tr ib u tio n  cu rv e  of 
D N A  o f R h izob ium  41 and  o f  its  lysogenic form  

41(16-3)

In  order to  calculate the  m olecular weight of th e  com ponents, the  approx­
im ation equations of Burgi and  H ershey (1963) were used. T he m axim um  
of th e  native  p a r t  corresponds to  a m olecular w eight in the  order of 10s, 
whereas th e  slower peak in the  order >of 106. T he slower com ponent of 
DNA 41 was calculated to  have a m olecular w eight 3 X 10°, th a t  of 41(16-3) 
to  have a 6 X 106 one. To understand  th is g reat difference, the  sedim entation 
d istribu tions of hea t-denatu red  DNA of both  non-infected and  lysogenic 
cells were also studied. The native  DNA sam ples were d en a tu ra ted  by h ea t­
ing over th e  T m. The T m o f Rhizobium  DNA was tak en  as 95° C from the  
curve o f Schildkrau t e t al. (1962) according to  the  G + 0  con ten t (61 per cent) 
of our preparations. The native solutions were heated  in a  boiling w ater 
b a th  for one hour and  th en  ab ru p tly  chilled. A fter thaw ing, 50 /il samples 
were layered on sucrose g rad ien t and centrifuged like th e  native  ones (5.2 X 
X 109 (rpm )2h).

The d istribu tion  curves o f the  denatu red  DNA specimens are shown in 
F ig 2. B oth  DNA 41 and th e  lysogenic 41(16-3) are sedim enting in one b and  
resulting in one m axim um  on the  d istribu tion  curve. The shape o f the  curve 
shows homogeneous DNA molecules. Using th e  approxim ate calculations
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F i g . 2 .—S ed im en ta tio n  d is tr ib u tio n  cu rve o f 
h ea t-d en a tu red  D N A  o f R h izob ium  41 and  o f 

its  lysogenic form  41(16-2)

m entioned above, the  m olecular weight for DNA 41 was found to  be 1.5 X 106 
and  for DNA 41(16-3) to  be 4.7 X ID6. The DNA of the  lysogenic cells is fa s t­
er, showing a  higher m olecular w eight th an  does th e  denatu red  DNA 41.

A lthough th e  sedim entation distribu tion  was reproduced in repeated  
runs for each sam ple and rechecked w ith freshly prepared DNA both  from 
R hizobium  41 and its lysogenic form 41(16-3), the  values for the  m olecular 
weights can be taken  only as inform ative because of the approxim ate eq u a­
tions used in the  calculation. A t th is early stage of the  experim ents th e  con­
clusions are more reliable qualitatively . In  the  preparations taken  as native 
tw o p arts  were found: th e  larger w ith  higher m olecular weight and  a slower 
sedim enting one. In  the  case of lysogenic DNA, th e  inert p a r t of DNA p rep a­
rations found in transform ation  experim ents by Szende e t al. (1961) can be 
explained on th is base.

The o ther question, w hether or no t the  prophage a ttach ed  to  the  DNA of 
lysogenic cells can only be the  cause of the  difference in the  d istribu tion  of 
the  native faster running p a r t of DNA and is responsible for the sh ift o f 
m axim um  w ith  the  slower p a r t or heat-denatu red  DNA, needs fu rth e r expe­
rim ents before it can be answered.

6 Symp. Biol. Hung. 6 8 1



R  E  F  E R  E  N C E  S

B urg i, E . and  H ersh ey , A. D . (1963) B iophys. J .  3, 309
H ershey , A. D ., G oldberg, E ., B urg i, E . an d  In g rah am , L . (1963) .7. moler.. B iol. 6, 230 
S ch ild k rau t, C. L ., M arm ur, J .  an d  D o ty , P . (1962) .7. rnolec. B ioi. 4, 430 
Szende, K . an d  Ö rdögh, F . (1960) N a tu r w isse n s c h a f te n  47, 404
Szende, K ., Sik, T., Ö rdögh, F . a n d  G yőrffy , B . (1961) B iochim . biophys. A cta  (A rnst.)  

47, 215

D ISCUSSIO N

S t a h l : B y w hat mechanism  do you suppose th a t  th e  presence of prophage 
increases th e  sedim entation ra te  of Rhizobium  DNA ? The lysogenic cell 
shows a slight sh ift in  th e  m olecular weight. The prophage perform s some 
function, for instance th e  glucosylation th roughou t th e  entire host DNA.

S i k : We believe th a t  only a  p a r t of the  prophage is a ttach ed  to  th e  host 
DNA. Our first hope was th a t  we can cu t off th e  prophage.

S t a h l : Oh, yes. The prophage is very  sm all com pared w ith the  host chro­
mosome. I t  seems th a t  all the  DNA of th e  host chromosome is slightly 
shifted  in  its  m olecular weight. Do you get th is chromosome in one piece? 
Do you get i t  ou t in tact?

S i k : A s it  is shown on th e  first slide, we have some degradation. Perhaps the  
phenol tre a tm e n t degraded our DNA. So we do no t have th e  com pletely 
native DNA.

S t a h l : W hat would the  approxim ate m olecular w eight of the  undegradated  
DNA be?

S i k : U sing th e  zone cen trifu g a tio n  tech n iq u e  i t  is h a rd  to  d e te rm in e  th e  
m olecu lar w eigh t accu ra te ly . T h e  firs t p eak  is o f th e  m ag n itu d e  2 -4  X 10®.
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The stable, heritable ab ility  of a bacterial strain  to  produce colicin is term ed 
colicinogeny, and th is s ta te  show m any sim ilarities w ith lysogeny, th e  ab il­
ity  to  produce a tem perate  phage. One of the  m ost striking of these is the  
dem onstration  by Ozeki e t al. (1959) th a t  colicin production is due to  a 
lethal synthesis w ithin a small m inority  of cells, the  s ta te  of colicinogeny 
being expressed in the  rest of the  population only as a po ten tial to  produce 
colicin in a sim ilar m inority  o f their progeny.

Colicinogeny has been presum ed to  be due to  the  presence in the  colicino- 
genic cells of genetic elem ents term ed colicin factors or C factors. These fac­
to rs were shown some years ago by Frédéricq  and  B etz-B areau (1953) to  
be capable of infectious transfer from one stra in  to  ano ther in the  absence 
of any o ther known genetic determ inan t and  were therefore suggested to  
exist as cytoplasm ic entities.

Since th a t  tim e th e  tendency has been to  ex trapo late  to  C factors, the 
results and  conclusions found using o ther well-docum ented cytoplasm ic 
elem ents, such as the  F  sex factor. A lthough th is has undoubtedly  been of 
g reat value, there are dangers in pushing these analogies too far w ithin sys­
tem s, which in spite of th e ir strik ing sim ilarities have undoubted b u t less 
well-known differences. The in ten t of th is paper is to  re-exam ine th e  genetic 
s ta tu s  of colicin factors and  to  show the o ther side of the  coin, how these 
factors m ay be exploited to  clarify some of the  com plexities of o ther genetic 
elem ents including the  classical F  sex factor of K12.

For obvious reasons, we have lim ited our investigations mainly to  the  
behaviour o f tw o colicin factors th a t  have been m ost extensively em ployed 
by o ther workers, nam ely colE l and r.o/7. Let us first consider the  transfer 
o f these two factors in th e  E. coli K l 2 H fr m ating system . Table I  shows the  
results of ‘in te rru p ted  m atings’ (Monk and Clowes, unpublished) using a 
series of H fr donor strains, each colicinogen ic for co ll, which in ject th e ir chro­
mosome as shown on the  circular m ap (Fig. 1). These donors are each crossed 
with the  same recipient strain  J62, selecting in each instance for pro+, his+ 
and  t r y + recom binants, and testing  both  the  recom binants and the  recipient 
population for the acquisition o f colicinogeny. A fter 120 m inutes, coll 
transfer to  the  F _ recipient is found to  be betw een 1.4 to  7.7% , depending 
on the  H fr strain  used. However, the  transfer to  the  recom binants is in all 
cases greater, and, irrespective of the  m arker selected or th e  donor strain  
used, the  transfer is g reater as the  tim e of en try  of the  selected m arker is 
later. Thus, in selecting for his+, try+ and  pro+ recom binants from  AB311  
where th e  respective tim es of en try  are abou t 11, 36 and 56 m inutes, trans-
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fer of colI+ is found to  be 6, 7 
and  41%. W ith  P10, where this 
particu lar order of en try  is p re ­
served, b u t now where each 
m arker enters abou t 50 min la­
ter, these frequencies are found 
to  be 11, 16 and 55 per cent. 
In  contrast, using H fr Hayes, 
where the  order of en try  is re ­
versed, pro+ entering a t  14', try+ 
a t  34' and  his+ a t  59', the  p ro ­
portion of these recom binants 
becoming colI+ are 14, 17 and 
27 per cent. These results are 
in terp re ted  to  m ean th a t  coll is 
transferred  independently  of chro 
mosomal transfer. However, by 
selecting for la te  m arkers, we 
also select for pairs th a t  have been 
held together for periods greater 

th an  th e  tim e of en try  of th e  m arker in question, and so increase the  
tim e during which th e  coll tran sfer m ay tak e  place.

F igures 2 and  3 show th e  results of sim ilar experim ents, cross­
ing five H fr s tra in s now carrying the  colE l factor, w ith th e  thr. 
leu recipient W677, sim ilarly streptom ycin  resistan t and  resistan t to  the  coli­
cin of th e  donor (Clowes 1963a). In  these crosses, i t  will be app aren t th a t  m uch 
higher levels o f C factor transfer obtain, and  here we have focussed our a tte n ­
tion  on the  kinetics o f transfer. As reported  in previous investigations by  
Alföldi e ta l. (1958), the  m axim um  level of colEl transfer varies w ith the  donor. 
However, w ith  these particular H fr s trains the  relative levels of transfer can be 
seen to  be unrela ted  to  any  specific chrom osom al region which m ight be trans-

T ARI ,  K i

C o ll transfer in  crosses of H fr  coll* stra ins w ith the same recipient 
strain  J6 2  (try .h is.pro .co llstr-r F ~ )

H fr  co ll* .str-r X pro .his.try.str-r F
M ix  at ratio l : 1 at 37". Select after 120'.
See F ig . 2 for caption and further details

Hfr strain

C 0ll+
among

F-
reci-

pients
(s tr -r )

Selected markers

histidine (h i y+) tryptophan (t r y + ) pr »line (p r o +

Time 
of entry 

(his)'
% rec c o i n

Time 
of entry 

( tr y )
% rec %

c o lI+

Time 
of entry 

(p ro )
% rec | con  -

a  ran  ........ 1.4 i i 50 « 36 7 56 0 .1 6 41

II 4̂ 3 .2 58 0 .3 S3 0 .0 3 16 103 0 .0 0 3 55

H a y e s  ( H ) 7.7 59 0 .0 3 27 34 0 .9 17 14 40 14
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ferred w ith the  same relative fre­
quencies by all H fr strains. More 
im portan t, however, is th e  find­
ing th a t  th e  time of entry of the  
colEl factor is approxim ately  the 
same, irrespective o f th e  donor, 
entering between 7 and  12 m in­
utes. The m ost satisfactory  expla­
nation  is, by  again assum ing a 
cytoplasm ic transfer of colE l, u n ­
related  to  chromosomal transfer.

I t  has also been found th a t  the 
reverse crosses where th e  colEl 
factor is now present in the  F 
p aren t which were shown by 
Alföldi and his collaborators to  
produce killing of the  recipient, 
can be reproduced qualita tively  
in the  absence of any colicin factor 
(Clowes 1963a). We now have re a ­
son to  believe th a t  th is  le thality  
is associated w ith  the  anom alous 
behaviour of a m ale specific, cell 
wall enzym e (Clowes, Silver and  
Moody, unpublished).

In  o ther crosses using F + donors, the  transfer of coll an a  colEl re ­
sembles very closely, bo th  in the  level and  kinetics of transfer, the  transfer 
by the  corresponding H fr strains, being abou t 7% for coll and  100% for 
colE l, supporting fu rth e r theideao fex tra-ch rom osom altransfer. Since these 
experim ents were in itia ted , sim ilar results have been reported  for o ther colicin 
factors by Nagel de Zwaig e t al. (1962), using colV  which shows a high 
colEl-like  ra te  of transfer, and  colE2 which is transferred  a t  around the  
same low ra te  as co ll, again irrespective of w hether H fr or F + donors were 
used.

I t  is thus concluded th a t  G factor tran sfer is, in all cases so far investigated , 
extra-chrom osom al, and th a t  there  is no direct evidence for a  chromosom al

X A B L E  I I

F ertility  of crosses w ith H fr  Gamdli and related donors with recipient 
J6 2  (pro .h is.try.str-r F~)

Donor strain Itecombinant fraction

pro+ /m+ tri/+

1. Hfr Cavalli ....................................... 220 X10-< 3.3 X 10~ > 1 .2X 10-'
2. Cavalli M S2-r ................................ 1.3X10-* 0.6X 1O-8 10~a
3. ColI+ F -  ........................................... c.0.2 X 10-s c.0.2 X 10-8 c.0.2 X 10-8
4. Cavalli M S'2-v colI+ ...................... 746 X10-" 4.2X 10-8 5.1 X 10-"
5. (Corrected for contact) ............... 282 X 10-6 1.4 X 10-6 1.6X 10-"

X

F i g . 2 .—C ircu lar chrom osom e m ap  o f E sche­
richia coli K 1 2 . T he sym bols on th e  ou tside  
of th e  circle rep resen t bac te ria l m arkers, 
sym bol X  d en o tin g  th e  suggested  location  
o f th e  co lE l fa c to r b y  A lföldi e t  a l. (1958). 
T he sym bols inside th e  circle deno te  H fr  
s tra in s  whose orig ins an d  d irec tions o f  t r a n s ­
fer a re  show n b y  th e  a rrow s on th e  circle
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site, which would en title  these 
C factors for inclusion in  the  
class o f ‘episom es’ as defi­
ned by Jacob  e t al. (1960). 
Nevertheless, th e  ab ility  of 
these factors, no tab ly  coll, 
to  ac t as sex factors by p ro ­
m oting chromosom al transfer 
in bo th  Salm onella (Ozeki and  
H ow arth  1961) and  E. coli 
(Clowes 1961), m ight be cited 
as indirect evidence of a t r a n ­
sient chromosom al associa­
tion. The following experi­
m ents have some bearing on 
th is possibility.

D r Simon Silver has recen t­
ly isolated from  paren ta l H fr- 
E. coli K l 2 a series of strains 
which are res is tan t to  th e  m ale 
specific phage MS2. On exa­
m ination, these strains are 
also found to  have lost the 
ab ility  to  ac t as chromosom al 
donors. However, o ther reac­

tions, such as their im m unity  to  super infection by F prim e factors, as shown 
by Scaife and  Gross (1962), suggest th a t  they  have n o t lost th e  sex factor 
(and are ‘cured’), b u t m ay be ‘sex m u tan ts ’ having lost only the  ability  
to  produce th e  male specific, conjugating antigen (Clowes 1963b). This 
m utation  m ight be e ither w ith in  the  sex factor itself, a t  the  locus controlling 
th e  male specific antigen, or w ithin the  bacterial chromosome suppressing 
th is antigen in some way. These strains m ay thus be regarded as ‘impotent’ 
males, having lost only th e ir ab ility  to  form contacts, and  m ight therefore 
be revirilized by  th e  presence of an a lte rn a te  conjugating antigen produced, 
for example, by the  coll factor. Table I I  shows th e  results of infection of 
one such s tra in  w ith  co ll, which dem onstrates a form  of com plem entation 
betw een th e  tw o sex factors F and  co ll.

The results show crosses a ttem p ted  using the  sam e recipient s tra in  J62, 
using as donor firstly the  control paren ta l H fr Cavalli (Line 1), secondly 
a male-specific phage resis tan t m u tan t (M S2-r) o f th is H fr (Line 2), and 
finally th is im poten t m ale infected w ith  coll (Line 4). F o r com parison is 
shown a cross of a  colicinogenic F strain  related  to  th e  original H fr Cavalli 
also carrying th e  coll factor (Line 3). I t  will be no ted  th a t  th e  efficiency of 
the  im poten t m ale as a donor is reduced very  considerably from  th e  level 
o f the  H fr paren t. In  con trast, when coll is in troduced in to  th is strain, 
the  transfer of one m arker (pro+) is increased fivehundredfold, whereas 
the  o ther m arkers are little  affected. The recom bination in th is cross (Line 4) 
differs from  th a t  using a  coZ/+ F~ donor (Line 3), no t only in th e  level of 
transfer, b u t also by  th e  fac t th a t  there  is a polarity of transfer which is 
sim ilar to  th a t  shown by  H fr Cavalli, and  which suggests an oriented process

F i g . 3 . — K inetics o f tra n sfe r o f colEl+ from  H fr 
(colEl + ) s tra in s  to  \V67 7 F ~ . T he in d iv id u a l 
cu rves rep resen t th e  ap p ea ran ce  o f colEl+ in 
W 677F -  w hen m a ted  w ith  v arious H f r s a t  a  H f r :F _ 

ra tio  o f 1 :20
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of transfer not characteristic of coll. The actual chrom osom al transfer 
therefore m ay be prom oted by the  resident F  sex factor, a lthough  the  effici­
ency is still m uch reduced. In  H fr crosses i t  is known th a t  m ating  contacts 
reach 100%. On the  contrary , contacts in coZ/-mediated conjugation are 
far lower. A correction for m ating  efficiency m ay be m ade tak ing  th is into 
account, by assum ing th a t  contacts are m easured by the  level o f coll t ra n s ­
fer. A pplying th is correction, the  recom binant fraction  per contact, using 
th e  colI+ ■ M S2-r donor is shown in the  lower line (Line 5). E ven w ith  this 
correction it appears th a t  chromosomal transfer and  in tegration  still reach 
only a  1 to  2%  m axim um  of those of the  paren ta l H fr Cavalli. This value 
has a bearing on the  recent hypothesis of Jacob  e t al. (1963), who suggest 
th a t  th e  F  sex-factor in bo th  F + and  H fr strains is located near to  th e  cell 
surface and  d irectly  determ ines th e  production of th e  con tac t antigen. 
C ontacts are suggested therefore to  occur only a t  these specific F  sites, which 
th en  trigger off a round  of DNA replication and  concom itant chromosom al 
transfer bv H fr cells.

We have found th a t  infection of a cell carrying th e  F  sex factor w ith  the  
co ll factor does n o t p reven t the  p lating  of th e  male specific phage, from 
which it m ay be inferred th a t  the  specific coll conjugating antigen does 
no t occupy the  same surface position as the  F specific antigen, or its m u ta ted  
p roduct in the  case of MS2 resistan t cells. Moreover, the  MS2 resistan t, colI + 
cells do no t p late  m ale specific phage and thus do not have the  F  specific 
antigen. Nevertheless, specific coll m ediated contacts can trigger off a ty p e  
of chromosome transfer which appears to  be prom oted by  the original, 
chrom osom ally-located F  sex factor. However, since the  efficiency of th is  
transfer is a t  m ost only a few per cent of the  stan d ard  H fr transfer, it does 
n o t p resent unequivocal evidence for or against th is hypothesis. I t  should 
be noted, however, th a t  in the  cross of the  M S2-r ■ colI+ donor, th e  colicin 
factor need no t be supposed to  in te rac t in any way w ith th e  chromosome, 
b u t could m erely form th e  con tac t and  conjugation bridge necessary to  
perm it transfer of chromosome mobilized by the  resident F  sex factor. 
Sim ilar crosses involving F  cells m ade donors by  either coll or r t f , or, 
even when cells carrying a sex factor affinity locus such as the  R ich ter 
female 3 stra in  are sim ilarly induced to  ac t as donors (Sugino and  H iro ta 
1962), could well involve a sim ilar m echanism  in which the  function of the  
in troduced  coll or r t f  factor m ay be m erely to  produce conjugation bridges.

Various C factors have been shown to be transferred  to  vary ing  ex ten ts 
when presen t in cells containing F  sex factors. The transfer of C factors in 
the  app aren t absence of o ther factors has been th e  subject of several pub li­
cations by  S tocker and his colleagues working m ainly w ith  Salm onella 
strains carrying factors for I, E l  and E2 (Ozeki e t al. 1962, S tocker et al. 
1963, Sm ith  e t al. 1963). In  brief, th ey  find th a t coll can prom ote its own 
transfer as well as the  transfer of th e  o ther tw o C factors, whereas bo th  
colE l and  colE2 are transferred  very  infrequently , if a t all, in the  absence 
o f coll.

In  K12 we have found a sim ilar s ituation  (Monk and Clowes, unpublished). 
In  the absence of the  F  sex factor, coll can effect its  own transfer and  th a t 
of either colE l and  colE2 w ith equal efficiency, whereas th e  la tte r  tw o fac­
to rs are n o t transferred  to  any significant ex ten t in the  absence of co ll. 
In  the  presence of F  as already noted, colE 1 is transferred  w ith  a high effici-
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F i g . 4 .— L ow -frequency  colicin fa c to r tran sfe r. T ransfe r o f 
coll b e tw een  K 12 s tra in s . O vern igh t cu ltu res  o f  the  tw o 
s tra in s  a re  m ixed  a t  a b o u t 105 cells p e r m l an d  in cu b a ted  a t  37° 
w ith o u t ae ra tio n . In  each ex p erim en t a  colI+ s tr-s  s tra in  is 
m ixed  w ith  a  colI~str-r s tra in . A t tim es, sam ples a re  p la ted  
on s trep to m y c in  an d  te s ted  to  select for th e  acqu is ition  of 
coll b y  th e  s tr - r  s tra in . T he cu rves rep resen t fou r m ix tu res , 
the  f irs t quo ted  s tra in  being  in  each in s tan ce  th e  colicino- 
genic an d  th e  second s tra in  th e  non-colicinogenic com ponen t. 
O  =  I ~ colI+. s tr -s  X I*’ coll' . s tr-r , £  = F+ colI+. str-s  
X F _ coll' . s tr-r , A =  F~  colI+. s tr-s  X F+ coll' . s tr -r , x  =  

F+ colI+. s tr-s  X F + coll' . s tr -r

ency of near to  100% and  colE'2 w ith a lower efficiency of ra th e r less th an  
10%. The two sex factors F  and  coll produce d istinc t p a tte rn s  o f transfer, 
and  th is difference is also shown in th a t  the  presence of coll in an  F  
s tra in  does no t perm it the  adsorption and plating of male specific phage 
as does the  presence of the  F  factor. Moreover, coll, unlike r t f  (W atanabe 
1963), does n o t in terfere w ith th is adsorption when present together w ith 
F in an  F + cell. Chromosomal transfer m ediated either by  F _ or H fr is also 
little  influenced by  th e  presence of coll in either donor or recipient, again in 
distinction to  th e  r t f  factor. However, certain  low level in teractions be­
tw een F  and  coll can be noted. F igure 4 shows the  effect on th e  kinetics of 
coll transfer betw een two K12 strains w ith th e  in troduction  of the  F  factor. 
(1) The control F~ X F m ixture, shown for com parison, indicates th a t  in 
E. coli, transfer o f coll is m ore efficient th an  found in Salm onella by  Ozeki 
e t al. (1962). This is supported  by th e  microscopic observation o f increased
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num bers of specific contacts, and also 
th a t  the num ber of ‘effective donors’ 
in a stabilized coll population of E. 
coli is of the  order of 1% com pared w ith 
a figure of 1 in 5000 in Salmonella. (2)
W hen F  is introduced into the  coll 
s tra in , in itia l transfer is reduced. This 
is supposed to  be due to  the  fact th a t  
th e  specific F  surface is epistatic  to  
th a t  of coll, although bo th  bring 
ab o u t conjugation of cells, and  th a t  
th e  coll factor cannot pass through 
th e  cell unions m ediated  by specific 
F contacts. I t  is known, however, 
th a t  in a sm all proportion of F + cells 
th e  F  antigens are n o t expressed 
(known as F~ phenocopies) and we 
suppose th a t  coll is able to  produce 
specific coll contacts and  transfer 
only in  these cells. L a te r transfer i’ises 
to  th a t  of th e  control which is p re­
sum ed to  be due to  th e  increasing 
p a r t  p layed by newly infected coll 
F _ recipient as donors of coll. (3)
W hen F  is p resen t in th e  non-coli- 
cinogenic paren t, however, initial 
tran sfe r is enhanced. This is in te r­
p re ted  as being due to  th e  p a r t  p lay ­
ed by  specific F  contacts between 
the  tw o strains, which either stabil 
ize o r increase the  ra te  of form ation 
of specific coll contacts betw een the  
pairs. W e conclude th a t  an  F + cell 
is as good a recipient for coll as an 
F -  cell. This high ra te  o f transfer is
m aintained, which suggests th a t  when F + cells are newly infected 
w ith  th is factor th ey  are m ore efficient coll donors th an  is a stab ly  
infected coll F + cell, and  th a t  F + X F+ contacts are still available 
to  assist the  coll contacts. (4) W hen F  is present in bo th  cells, there is little  
initial effect; if anything, a  small enhancem ent. This can again be in te r­
preted  by assum ing th a t  the  coll surface is expressed only by th e  F 
phenocopies as before, b u t now these coll F~ phenocopies have th e  added 
advan tage th a t  they  can form stable contacts w ith  m ost o f the  non-colici- 
nogenic F + cells, which enhances th e  ra te  of coll con tact form ation and 
stab ility . This assistance presum ably  alm ost outweighs the  reduction in 
th e  num bers of original coll F + cells able to  produce th e  coll surface.

I t  is obvious from  th e  kinetics o f these curves, th a t  in K12, as in Salm o­
nella, we find th a t  newly infected cells have an enhanced ability  to  transfer, 
as discovered by  S tocker and  his associates, and  term ed  by  them  high fre­
quency colicin factor transfer of h f c t  (Stocker e t al. 1963). F igure 5 demon-

F i g . 5 .  — Low  an d  high frequency  colicin 
tran sfe r (l f c t  a n d  h f c t ) in  E. coli K l 2. A 
colicinogenic (donor) an d  a  non-colieino- 
genic (in te rm ed iary ) s tra in  o f E. coli a re  
m ixed  a t  105 cells p e r m l and  in cu b a ted  
ov e rn ig h t a t  37°. T hey  a re  th en  d ilu ted  
1 : 20 in to  fresh b ro th  an d  re -incuba ted  
for a  fu r th e r  1 1/2 h, w hen th e y  a re  m ixed  
w ith  th e  rec ip ien t s tra in  a t  a b o u t 107 cells 
p e r m l. A fte r fu r th e r  in cu b a tio n , sam ples 
a re  w ithd raw n  and  assayed  for coll t r a n s ­

fer
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F i g . 6. — u v  in d u c tio n  o f coll p ro d u c tio n  in  E. 
coli K 12. L og cu ltu res  o f  cells a t  ab o u t 5 X 10" 
cells/m l a re  w ashed an d  resuspended  in  buffer 
an d  ir rad ia ted  in  5 m l vols b y  a  u v  source a t  a  
dose o f 5 erg/rnm 2/sec. T hey  a re  th en  rap id ly  
resuspended  in  b ro th  an d  re in cu b a ted . Sam ples 
arc. rem oved a t  in te rv a ls  an d  assayed for v iable 

cells an d  coll

stra tes h f c t  in K12. The h f c t  system  is analogous to Salm onella and is 
produced by m ixing tw o strains, one colI+ and the  o ther non-colicinogenic, 
overnight and  then  subculturing for 2 hours. A large proportion of the 
originally non-colicinogenic stra in  has been recently  infected w ith co ll, 
and  high efficiency transfer can now be observed from th is s train  to  a th ird  
strain , which is th e  recipient, also non-colicinogenic. I t  can be seen th a t  where­
as norm al transfer in E. coli (l f c t ) reaches abou t 10% in 2  hours, in h f c t  th is 
value is abou t 80%  a fte r only 40 m inutes.

W hy are newly transferred  C factors so m uch m ore infective? Sm ith and 
S tocker (1962) have suggested th a t  some tim e afte r transfer th ey  are s tab i­
lized by w hat th ey  call a ‘change of s ta te ’. This, as we have seen from  Table 
I  and Fig. 3, is n o t likely to  involve a change from a cytoplasm ic to  a chro­
mosomal localization. A more plausible explanation which has been inde­
pendently  suggested by Clark and Adelberg (1962) and  by M arilyn Monk is 
th a t  established C factors probably  set up  a system  of self-regulation with 
th e  cell which lim its th e ir ra te  of replication and  th e  level of th e ir specific 
syntheses. Newly in troduced  factors m ay need some tim e to  set up th is
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system  of repression, and  during th is period th e ir replication and specific 
syntheses would occur a t  a higher ra te  th an  norm al. E ith er a higher ra te  
o f specific coll surface antigen synthesis, or a g reater num ber of C factor 
per cell would be likely to  lead to  increased transfer, by  increasing th e  ra te  
and/or the  stab ility  of contacts, and the  efficiency of 6' factor transfer during 
contact, respectively. The hypothesis th a t  newly in troduced C factors m ay 
be unrepressed would pred ic t th a t  in h f c t  system s o ther colicin d irected  
syntheses, such as th e  lethal synthesis leading to  colicin production, should 
be enhanced. Table HL shows th a t  th is prediction is fulfilled and  th a t, in an 
h f c t  system , the  num ber of cells undergoing lethal colicin synthesis, which 
can be dem onstrated  by  the  form ation of ‘lacunae’ (Ozeki e t al. 1959), is 
increased by a factor of two hundred over th e  control ( l f c t ) system . The

T A B L E  I I I

Enhancement of coliéin production in hfct  preparations

Donor mixture
% colt Numbers of

Limiting colicin 
titre of donor 

mixtureDonor Intermediate
Recipient transfer to reci­

pient in one 
hour

lacunae per 
10s recipient

cells

HFCT • • • • co lI + col~ col~ 98 4 X 1 0 5 1/1«

L F C T ------ colI + colI+ col- e .9 2 X 1 0 3 0

am ount of free colicin released is also increased during th is period bv a t 
least sixteenfold. A fu rth e r prediction would be th a t  derepression m ight lead 
both  to  enhanced colicin production and infectivity . This prediction is also 
fulfilled to  some ex ten t. F igure 6 shows the  induction of colicin production 
in coll cells by uv  irradiation, which results in an absolute increase of a 
thousandfold  in the num bers of lacunae, which could be even tenfold g reater 
per viable cell. D uring th is period there is a reproducible, b u t less well 
m arked, increase in the  transfer efficiency, which increases abou t twofold 
from  abou t seven to  fifteen per cent.

I t  m ay thus be concluded th a t  h f c t  is the  resu lt of a s ta te  of derepression, 
which m ay be produced both  by recent transfer of the  C factor, or by u v  
irradiation of stab ly  colicinogenized cells. I t  is p ertin en t to  ask w hether such 
derepression m ay exist in o ther system s, particu larly  in the  case of the F  
sex factor. So far, we have been unable to  dem onstrate  enhanced transfer 
by a  newly in troduced F  factor, b u t since in th is system  th e  ra te  of contact 
form ation and  actual transfer is ordinarily  m uch higher th an  in the  case 
of the  coll factor, increases in F  transfer are more difficult to  m easure. 
However, when the effect of u v  irrad ia tion  on F + cells is considered, th e  
classical work of ten years ago by H ayes (1953) comes to  mind. H ere u v  
irrad ia tion  was shown to  enhance the  frequency of F + m ediated  recom bi­
nation by  a factor of a t  least tw entyfold. This enhancem ent has since been 
shown by H ayes (unpublished) to  be of a tran sien t nature , persisting only 
for tw p generations, and  which is unaccom panied by any increase in the  
ra te  of form ation of stable H fr m utan ts. We have repeated  these experim ents 
using as an  F + donor a s tra in  carrying also the  colEl factor, and  have
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studied the  kinetics of F  and  colE l transfer to  a  recipient a fte r an exposure 
of th e  donor strain  to  uv  irrad ia tion  which resulted  in a  tw entyfold  increase 
in the  num bers of recom binants. A t all tim es, and in several experim ents, 
th e  transfer of bo th  F  and  colEl were found to  be g reater from  irrad ia ted  
donors, F  transfer a fte r 2 hours contact w ith the  recipient being abou t 80% 
by the  un irrad ia ted  and  95% by th e  irrad ia ted  donor, the  respective tra n s ­
fers of colEl a t  2 hours being 50% and 75%.

Such increases are consistent w ith the  hypothesis th a t  u v  irradiation 
leads to  a  derepression of bo th  th e  F  and  the  colEl factors, resulting in 
enhanced num bers o f bo th  en tities per cell and/or an  increase in the  am ount 
of F  conjugating antigen, bo th  effects leading to  a higher probability  of 
transfer per cell contact. W hether th is  derepression could entirely  account 
for th e  observed increases in chromosom al transfer is uncertain, b u t clearly 
an effect of uv, restric ted  en tirely  to  the  chromosome or to  the  in teraction  
of the  F factor w ith  the  chromosome does no t by itself appear to  explain the 
enhanced transfer o f these ex tra  chromosom al entities.

Self regulation is obviously necessary in all autonom ous cellular entities. 
However, even when these entities are po ten tially  lethal, lack of regulation 
m ay no t necessarily lead to  lethality , b u t m ay resu lt merely in a  tem porary  
a lteration  in th e  m etabolism  of the  cell which m ay d isappear as regulation 
is again self-applied.
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DISCUSSION

H o l l a n d : In  connection w ith the  surface properties of s trains carrying 
colicin factors I , w ha t are your views of th e  function of the  colicin itself? 
Especially, in view of recent evidence th a t  some colicins affect DNA sy n ­
thesis, is it  possible th a t  the  colicin is concerned in form ation o f recom ­
b inan ts in some strains?

Cl o w e s : I  do no t th in k  th e  colicin is itself involved in any aspect of conju­
gation, for the  simple reason th a t  col factor-m ediated conjugation and  
transfer tak e  place even in th e  presence o f trypsin  (200 ug/ml), which 
is sufficient to  elim inate all detectable levels o f lethal colicin activ ity .
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M A T I N G  I N D U C E D  B Y  C O L I  C l  N O G E N I C  F A C T O R  
B I N  A N  F -  S T R A I N  O F  E S C H E R I C H I A  C O L I  K 1 2

By

T sutom u  W ata n a be  and  Mo to y u k i Okada

DEPARTMENT OF MICROBIOLOGY, KEIO UNIVERSITY SCHOOL OF MEDICINE
TOKYO, JAPAN

Chromosome transfer in Escherichia coli is induced by several episomes, 
including F  (see Jacob  and  W ollman 1961), R  factors (W atanabe 1963) and 
colicinogenic factor I  (Ozeki e ta l .  1961). Colicinogenic factors o ther th an  I  
are known to  be unable to  confer fertility  upon E. coli cells. We have recently 
found th a t  colicinogenic factor B  (col. B) induces chromosome transfer in 
an  F _ stra in  of E. coli K12, which had originated from an H fr strain . We 
have been led to  th is discovery th rough  using a v iru len t phage W31 which 
has a specificity to  an autonom ous F  in E. coli K12. This phage forms large, 
clear plaques on F~  and H fr s trains with high efficiencies of p lating  (eop) 
b u t small, tu rb id  plaques on F + strains w ith low eop. A spontaneous F~ 
segregant was isolated from  an H fr strain  W2252. This F segregant acted  
only as females in m ating  like usual F ~  strains but, by F  infection, it  was 
converted to  H fr and  n o t to  F +. This converted H fr stra in  was found to  
transfer its chromosome w ith the  sam e frequency and in th e  same kinetics 
as the  original H fr W2252. Thus it is suggested th a t  th is F segregant has 
th e  so-called sfa  locus (sex factor affinity locus) (Adelberg and Burns 1960). 
Col. B  in usual F — strains reduces the  eop of phage W31 and  m akes the  
plaques of th is phage sm all and tu rb id . However, i t  was found th a t  the  above 
segregant W2252 (F _ ) w ith  col. B  gives a high eop and  large, clear plaques 
o f phage W31 unlike usual F~ strains. Since neither the  original H fr strain  
nor the  converted H fr strain , where F  is assum ed to  be in an  in teg ra ted  
state , restric ts the  progeny form ation of phage W31, it was suspected th a t  
col. B  is also in tegrated  in strain  W2252 ( F ). The following studies were 
undertaken  and  the above assum ption, th a t  col. B  can induce chromosome 
transfer in th is p articu lar F _ segregant, was proven.

Materials and methods. — Col. B was transferred  to  substrains of E. coli 
K12 by m ixed cultivation w ith  Salmonella typhim urium  LT2 (col. B) (kindly 
supplied by H. Ozeki). Crosses were m ade between colicinogenic F _ stra in s 
and  non-colicinogenic F strains w ith our stan d ard  procedure (W atanabe 
and F ukasaw a 1962). D onor strains W2252 (Hfr), W2252 (F _ ) and  CSH-2 
(F~) were m ethionine-requiring and  the  recipient stra in  W 677/Pro_T6rSmr 
col. Br (F ) was requiring threonine, leucine, v itam in B t and  proline and 
unable to  ferm ent m annitol, xylose, maltose, galactose and lactose and 
resistan t to  phage T6, high concentrations o f streptom ycin  and  col B . 
Various types of possible recom binants were selected on m inim al medium  
enriched with proper nu trien ts. K inetics of chromosome transfer was studied 
by the  in terrup ting  of the  m ating w ith phage T6 as was stud ied  bv  H aves 
(1957).

7 Symp. Biol. Hung. 6 97



Results. — According to  the  results sh o w n in T ab le l, thegene tic  recom bina­
tion  occurred w ith W2252 (F  ) (col. B ) as a donor, although the  frequency 
was ra th e r low. W2252 (F~) and CSH-2 (F _ ) (col. B ) were com pletely infer­
tile. The kinetics of chromosome transfer were alm ost equal w ith W2252 
(Hfr) and W2252 (F~) (col. B ) as donors. The genetic constitu tions of re ­
com binants by the  original W2252 (Hfr) and  W2252 (F _ ) (col. B )  are shown 
in Table H . As seen in th is  table, they  are practically  identical to  each other.

T A B L E i

Frequencies of recombination by various deriva­
tives of Escherichia coli K l2

Donor strain*

Frequency of 
recom binants per 
introduced donor 

cell

W 2 2 5 2  (H fr )  ...................................... 2 .3  X l O “ 3
W 2 2 5 2  (H fr)  (col. B )  ................ 2 .1  X l O “ 3
W 2 2 5 2  ( F - )  ......................................... < 3 . 7 X 1 0 - *

W 2 2 5 2  ( F - )  (col. B ) ................... 1 . 2 X 1 0 - 1

C S H - 2  ( F - ) ........................................... < 3 . 5 X 1 0 - *
C S H - 2  ( F - )  (col. B )  ................... < 3 . 8 X 1 0 - *

* W 2252 an d  C8H-2 a re  b o th  m eth ion ine-requ iring . T hey  w ere crossed w ith  
W 677 /P ro_T6rSm rcol.B r (th reon ine , leucine, v itam in  B, an d  pro line-requ iring , F _ ) 
w ith  o u r s ta n d a rd  procedure . P ro +, Sm r reco m b in an ts  Were selected  on m in im al agai 
co n ta in in g  50 f i g  p e r  m l each o f th reo n in e  an d  leucine, 5/tg p e r  m l o f B, a n d  1,000 /rg 
p e r m l o f strep to m y c in .

T A B L E  I I

Genetic constitutions of Pro*, Smr recombinants in 
the crosses of W2252 (Hfr) and. W22.52 ( F~) (col. R) 

with W677/Pro"T&Smrcol. Br

11 »selected, m arker

G enetic constitu tions of 
Pro+ , Smr recom binants*  

with

W 2252 (H fr) W 2252 (H fr) ( c o l .  ID

L a c + ........................... 3 4 /5 0 4 5 /7 6
TO" .............................. 2 6 /5 0 2 3 /52
T h r + L e u + . . . . 5 /5 0 16/76

B * + ........................... 5 /5 0 9 /76
M a n + ........................ 0 /5 0 0 /7 6
X y l + ........................... 0 /5 0 0 /7 6
M a l + ........................... 0 /5 0 0 /7 6
G a l+  ........................ 0 /5 0 0 /7 6

* T he P r o 1, Sm r reco m b in an ts  o b ta ined  in m a tin g  for 2 hou rs  in th e  ex perim en t 
show n in T able  I  were stu d ied  for th e ir  unselected  m ark e rs  w ith  a  rep lica  p la tin g  
m ethod .
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Summary. Col.B, like an autonom ous F , was found to  re s tric t th e  progeny 
form ation of a v iru len t phage W31 in F  strains of E. coli K12. However, 
it  did no t restric t phage W31 in an  F “  stra in  derived from W2252 (Hfr). 
This F segregant is assum ed to  have an  sfa locus, because the  infection 
of this s train  w ith wild tv p e  F  converted  i t  to  H fr and n o t to  F + ; W2252 
(H f r), which has a stab ly  in teg ra ted  F , did no t restric t phage W31 and 
hence i t  was suspected th a t  col. R m ight be also in an in tegrated  s ta te  in 
VV2252 (F~) {col. B). I t  was found th a t  th is strain  carries o u t chromosome 
transfer, although with lower frequencies th an  the  original H fr W2252. 
T he kinetics of transfer of host chromosomes by W2252 (F~) {col. B) was 
th e  same as th a t  by th e  original H fr W2252. These results suggest th a t  col. 
B  is likely to  be in teg ra ted  a t  the  sfa locus. Since W2252 (Hfr) and its deriv ­
atives transfer the  term inal m arkers of th e ir chromosomes very  rarely  (as 
seen in Table II), it  is no t easy to  study  th is possibility by making experiments. 
We are now studying  th is  possibility by  transduction  with phage Pike.

I f  th e  in tegra ted  s ta te  of col. B were proven by  the  experim ents which 
are now in progress, th e  genetic homology between F  and  col. B  would be dis­
closed. However, it m ay also be possible th a t  col. B  is a complex o f a coli- 
cinogenic factor and a sex factor.

*

This work was supported  in p a r t by Public H ealth  Service Research G ran t 
(E-4740) from  the  N ational In s titu te  of Allergy and Infectious Diseases, 
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DISCUSSION

W o llm a n : D id  I  u n d e rs ta n d  well t h a t  in  y o u r  case you find  th e  tra n s fe r  
o f  th e  colicinogenic B  c h a ra c te r  from  a  colicinogenic B  F~ s tra in  to  a  
non-colicinogenic F _ s tra in ?

W a t a n a b e : Y es, th is  is ind eed  w h a t we do find.
Cl o w e s : Stocker also finds transfer of colicinogeny B  in Salm onella, in a 

w ay ra th e r sim ilar to  th e  transfer of colicinogeny 7. There are tw o com ­
m ents th a t  I  should like to  make. The first is th a t  D r W atanabe’s 
observation th a t  some R  factors p reven t adsorption of th e  m ale specific 
phage to  th e  m ale K12 strains, w hilst perm itting  transfer of chromosome, 
is paralleled in our finding th a t  certain  m u tan ts  of K12, selected to  be
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com pletely resistan t to  m ale specific phage, m ay still preserve a certain  
level of transfer of chromosome. Secondly, w ith regard  to  th e  observation 
th a t  when R  factors are transferred  to  P ro teus two d istinc t new G + C  
types are found. This I  understand  has also been reported  w ith regard to  
th e  F  factor in  E. coli. However, one m ust no t assum e in either case th a t  
bo th  G + C  types represent tw o types of particles which characterize 
th e  F or R  factors, since bo th  system s would be capable of transferring  
o ther cytoplasm ic en tities accidentally present in the donor cell and 
unrela ted  to  th e  sex factor. Such particles appear to  exist in K12 which 
influence th e  efficiency o f p la ting  of certain  phages. Some auxotrophs, 
which are F +, are able to  p late  T3 w ith an  efficiency of only 1 in 103 of 
th a t  shown on o ther strains some of which are F _ . Drs Shell and  Glover 
in our laborato ry  have shown th a t, if  these tw o types of s trains are m ated, 
am ong th e  F~ cells which have been converted to  F + there exists a whole 
varie ty  of responses to  the  p lating  o f T3, clearly showing th e  independent 
transfer of o ther factors independent of F.
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In  prelim inary studies on episom al transfer experim ents in B. megaterium, 
18 megacinogenic (M+) strains were isolated from soil sam ples by m ethods 
described by  Ivánovics and N agy (1958). W hen these M+ strains were grown 
in m ixed culture w ith M-  bacteria  it  was found in several cases th a t  th e  M- 
organism s were killed. F igure 1 sum m arizes these results when B. megale- 
rium  De B ary  was th e  non-producing M_ bacteria. The M+ strains were 
divisible into th ree groups (only one represen tative of each being included 
in the figure): Group 1 (non-killers), did no t kill the M_ bacteria; in th e  
presence of Group 2 (delayed killers), th e  M bacteria  m ultiplied for 30-45 
m in before being killed; Group 3 (rapid killers), caused killing of strain  De 
B ary  im m ediately on mixing.

D IF F E R E N T  T Y P E S  O F M EG A C IN

Subsequently  it  was found th a t  the  megacin produced by Groups 2 and 
3 M+ strains was liberated  by lysis a fte r induction w ith  u v  irrad ia tion  w here­
as Group 1 megacin was n o t u v  inducible. F u rth e r studies, including d e­
term ination  of ac tiv ity  spectra, indicated  th a t  Groups 2 and  3 megacin 
(megacin Type A ) had in fact several different properties from those of 
Group 1 or megacin Type B .

The killing effects described above could no t however be a ttr ib u ted  to  
megacin A, since th e  la tte r  is no t usually produced in young growing cul­
tures, and m oreover M_ strains resistan t to  megacin A were still killed in 
m ixed culture. A fter fu rth e r investigation the  production of a th ird  megacin, 
megacin C, was confirmed when megacin A-  m u tan ts  were isolated which 
no longer lysed on u v  induction b u t which still produced megacin C and 
were killed in m ixed culture.

FO R M A T IO N  O F M EG A C IN  C

Samples were taken  from growing cultures of MA~ and  MA+ strain», 
centrifuged and  assayed w ith  a  megacin A resistan t ind icator organism  
(Fig. 2). In  bo th  strains megacin C is liberated  by the  young growing cultures

* P a r t  o f  th is  w ork w as carried  o u t in  co llabora tion  w ith  D r C. F . R o b erts  and  
w hils t th e  a u th o r  w as an  I . C. I . B iochem istry  R esearch  Fellow . P re sen ta tio n  o f th e  
com m unication  w as fac ilita ted  b y  th e  aw ard  o f a  g ra n t from  th e  W elcom e T ru st.
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F i g . 1. — Y oung exponen tia lly  g row ing cu ltu res  o f M 
s tra in s  ha rv es ted , w ashed and  m ixed  w ith  a  sim ilar 
co n cen tra tio n  (10 7 organism s/m l) o f th e  tre -r  M~ s tra in , 
B. megaterium  De B ary . C ontro l m ixed w ith  b ro th  alone

F i g . 2. — B. m egaterium  s tra in  C4 an d  its  MA_ d e riv a tiv e  grow n in b ro th ; 
sam ples w ere tak en  a t  in te rv a ls  an d  the  tu rb id ity  de te rm in ed . T hey  
w ere also cen trifuged  and  the  s u p e rn a ta n t assayed  ag a in s t B . megateri­

um  s tra in  M ut. a s  in d ica to r
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b u t a fte r reaching a m axim um  value in m id-grow th it  disappears, possibly 
by re-adsorption. Megacin C, like o ther bacteriocins, has been found to  
contain  pro tein  and  has a characteristically  very  specific an tibac te ria l spec­
tru m . U nlike megacin A i t  has apparen tly  no effect upon th e  cytoplasm ic 
m em brane o f sensitive bac teria  (Ivánovics e t al. 1959, H olland 1962).

M O D E O F A CTIO N  O F M EG A C IN  C

So far only crude preparations of megacin C have been used, since th e  
bacteriocin is ra th e r unstable. These preparations were sim ply obtained  by 
centrifuging cultures, in peptone b ro th , of th e  producer stra in  containing 
m axim um  am ounts of megacin. The p repara tion  was finally sterilized and 
kep t overnight before use.

Like eolicins, megacin C was found to  be adsorbed by sensitive bacteria  
which are rapidly  killed. Thus, w ith  a  growing culture trea ted  w ith 100 
u n its  m egacin/ml (H olland 1961) th e  viable count falls to  a  survival of H P 5 
in  20 min. Using such conditions, a fte r trea tm en t w ith megacin, sam ples 
were taken  a t  in tervals and  DNA, RNA and  protein ex trac ted ; DNA was

F ig . 3. — Effect on D NA  an d  p ro te in  syn thesis  o f  m egac in  C (fina l co n cen tra tio n  100 
un its/m l) ad d ed  a t  tim e  0 to  grow ing cu ltu res  o f s tra in  M ut.; 9 m l sam ples w ere tak en  
a t  in te rva ls , m ixed w ith  1 m l ice-cold TCA an d  rap id ly  cooled to  0° to  p rec ip ita te

nucleic ac id s an d  p ro te in
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th en  estim ated  w ith diphenylam ine, R N A  w ith orcinol and  pro tein  w ith 
Folin reagent. In  trea ted  cultures n e t R N A  and  protein  synthesis is im m e­
diately  halted, as shown in Fig. 3, whilst, in contrast, th e  am ount o f DNA 
in the  culture m arkedly decreases, usually to  abou t 25% of the  in itial value. 
O ther work has ind icated  th a t  although megacin C is adsorbed by both  
growing and  non-growing cultures, DNA breakdow n occurs only in  cells 
exposed to  conditions perm itting  grow th in th e  absence of megacin. This 
suggests th a t  DNA breakdow n m ay depend upon th e  form ation of an in ­
duced DNAse, and/or, th a t  only DNA being rapidly  synthesized is affected 
by adsorption of megacin C.

IN D U C T IO N  O F  PH A G E  FO R M A T IO N  B Y  M EG A C IN  0

F u rth e r indications th a t  megacin C preparations specifically affect DNA 
synthesis were ob tained  when it  was found th a t  trea tm e n t of a lysogenic 
s tra in  induced phage form ation (Fig. 4). The lysogenic stra in  B. megaterium 
899 was trea ted  w ith different concentrations of megacin C and  in each 
case a fte r residual grow th some lysis occurred. W ith 50 units/m l the  cul­
tu re  lysed afte r 45 min and  th e  phage titre  increased from 2.6 X 106 to  
2.6 X 10° particles/m l using strain  Mut. as indicator. The results obtained 
w ith megacin C were in fact identical w ith those ob tained  w ith u v  induction 
o f s tra in  899.

F i g . 4 .—In d u c tio n  o f lysogenic s tra in  899 w ith  m egacin 
C. E x trace ilu fa r phage w as d e te rm ined  w ith  s tra in  
M ut. as in d ica to r an d  th e  ti tre s  ap p ea r beside th e  
curves. C ontro l =  no  m egacin , A  = 100 un its/m l m e ­
gacin , B = 50 un its/m l, (7 = 2 5  un its/m l, 1) =  10 un its/m l

104



I t  is now hoped to  isolate megacin C and  th en  to  investigate in more de­
ta il th e  mechanism  o f DNA breakdow n, especially in relation to  the  norm al 
system  o f control of DNA replication in th is organism.
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D ISCU SSIO N

Sc h a e f f e r : W hat is the  evidence th a t  megacin C is no t a phage?
H o l l a n d : You can  assum e th a t  i t  is a  defec tive  phage, you  can  call i t  as 

you  like, b u t  su re ly  i t  is n o t a  com plete  phage.
I vánovics: The megacin A referred to  by D r H olland is inducible by  u v  

light. I f  you take, for instance, th a t  th is is th e  grow th in optical density, 
here we find th a t  th e  u v  induction begins in abou t 10-15 m inutes and  then  
there  is a very rap id  lvsis, and  it  follows th a t  the  bacteriocin fu rther 
affects on the  lysis of th e  cells. The bacteriophage titre  o f th e  lysis in ­
creases and  a new protein  appears. This protein  has been identified and  also 
purified by  D r H olland. One of the  strangest strains we studied is strain  
216 developed by  D r H olland. I t  has been studied quite carefully. B u t we 
have always found th a t  i t  has an  inactive band  o f defective chromosome, 
th a t  is a  prophage. We suspected th a t, besides the  incom plete phage p a r­
ticles, also infective phage particles appear a t  lysis. N either the  infective 
partic le nor any stru c tu re  resem bling bacteriophage appeared. I  believe 
th a t  th is k ind  of megacinogenic stra in  carries a defective protein. I f  one 
takes a typ ical lysogenic strain , A99 for instance, carrying a different 
bacteriophage, one finds ju s t th e  sam e phage as in th e  case of the  m ega­
cinogenic strain . H ere is, of course, AU1 liberated  now. B ut th is megacin 
A can be induced by  u v  light and so can be A99. We have found induction 
by some chemicals. W e have tried , of course, also n itrogenm ustard , b u t 
we never found any induction. Recently, we have been doing some fu r th e r 
tria ls  of induction using cy tosta tic  substances, recom m ended for the 
trea tm en t of cancer. These substances and  antib iotics have been tested  
and  we also found them  effective in inducing a typ ical lysogenic strain  
and  a megacinogenic strain . We do not have any  evidence th a t  th is m e­
gacin is induced to  a defective protein. We m ade fu rther a ttem p t to  iso­
late a megacinogenic clone from a lysogenic one. B u t we were no t able to  
recover a megacinogenic clone, however, sometimes we found more blocks 
on a phage-resistant indicator. One can have o ther results, we have, how­
ever, never been able to  pick up a bacterium -producing megacin. — Now 
I  go into speculation, if  you do no t mind. We know th a t  the  infective 
bacteriophage is always an enzym atically  active phage. In  the  case of 
T2 phage a lysozym-like substance has been isolated and  now it  is believ­
ed th a t  it penetrates by the  enzyme and th en  DNA is injected. However,
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if  we consider the  cytoplasm ic m em brane, it  should also be p en e tra ted  by 
DNA. I t  is very  characteristic, how th is  penetration  is done. This m em ­
brane is denser and  m ore elastic th an  th e  cell wall itself.Therefore, J believe 
th a t  there is ano ther enzym e bringing forth  the  penetra tion  o f DNA, 
b u t th is enzyme has no t been found so far. In  the  very m om ent, perhaps, 
when it  is ac ting  on a cytoplasm ic m em brane, somehow it is inactivated . 
My idea is th a t  the  megacin produced by a megacinogenic A s tra in  is 
probably  nothin g else b u t an  enzyme which destroys, a t  least partly , the  cy­
toplasm ic m em brane. In  fact, B. megaterium appears to  be a particu larly  
in teresting subject for studying bacteriocin or bacteriocin-like systems. 
As D r H olland pointed out, we have already  found a second megacin and  
a  th ird  megacin as well and  according to  our assum ption, recently  we 
have also found a new one.
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S y  m p. B ioi. H uny . 6, 107-14 (1965)

O N  T H E  G E N E T I C  D E T E R M I N A T I O N  O F  C O L I C I N O G E N Y

By

E l i e  L . W o l l m a n

SERVICE DE PHYSIOLOGIE MICROBIENNE, INSTITUT PASTEUR. PARIS, FRANCE

This sym posium  being devoted to  transform ation and to  bacteriocins, a t 
first I  did  no t in tend  to  give a paper, since I  have never worked on the  
first of these subjects and no t worked recently  on the  second. U pon the 
insistance of th e  organizers of th is m eeting, I  was however induced n o t 
only to  speak b u t also to  w rite th e  presen t paper. The work reported  is no t 
mine, b u t work done by D rsN agel d e Z w aig ,J .P u ig  an d D .N . A nton a t  w hat 
was once the  Laboratory of Bacterial Genetics of the Institu to  Nációnál de 
Microbiologia (Buenos A ires). Some of th is work has already been p u b ­
lished, some has been the  subject of a university  thesis and is in th e  process 
of publication.

'Jf.

The ab ility  to  produce colicins is a w idespread p roperty  am ong Entero- 
bacteriaceae (Frédéricq 1948). S trains th a t produce colicins are called coli- 
cinogenic and  colicinogeny is indeed a stable, hered itary  p roperty  of such 
strains. F o r m any years, the  sim ilarities between the  specificities of colicins 
and  of bacteriophages, on the  one hand  (Frédéricq 1953) and  betw een 
lysogeny and  colicinogeny, on th e  o ther (Jacob e t al. 1953), have been em ­
phasized. The hered itary  p roperty  o f colicinogenic bacteria  to  produce co­
licins was therefore ascribed to  a genetic s tru c tu re  or co'icinogenic factor, 
in the  sam e way as th e  heritable p roperty  of lysogenic bacteria  to  produce 
bacteriophage is under the  control of a hered itary  structure , the  prophage. 
I t  was F rédéricq  (1954) who first showed th a t  colicinogeny could be tra n s ­
ferred from  colicinogenic to  non-colicinogenic bacteria  in m ixed cultures. 
Furtherm ore, using strains of Escherichia coli K12 of different sexual types, 
he was able to  dem onstrate th a t  colicinogeny could only be transferred  
from donor to  recipient bac teria  and  th a t  th is transfer was independent of 
th a t  of chromosomal m arkers. T he conclusion was th a t  colicinogenic factors 
were extrachrom osom al genetic structures.

The understanding of the  mechanism  of bacterial conjugation (W ollman 
e t al. 1956) allowed a genetic analysis of lysogeny (Jacob and  W ollm an
1957) and  opened th e  way to  apply  sim ilar m ethods to  the  stu d y  of colici­
nogeny. P relim inary results ob tained  in the  case of colicinogeny E 1; although 
showing th a t  no linkage existed between th is  colicinogenic factor and chro­
mosomal m arkers, led to  the p rem atu re  conclusion th a t  colicinogenic factor 
E u like th e  genetic m ateria l of tem perate  bacteriophages or th e  sex factor 
of bacteria, could have the  properties of an episome (Jacob and  W ollm an
1958) . This hypothesis was based on two lines of evidence. The first one
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was th a t  in a series of crosses involving different non-colicinogenic H fr 
donor strains and  the  same colicinogenic recipient, killing of the  zygotes 
occurred in some cases and  th e  ex ten t of th is lethal zygosis varied  according 
to  the  ty p e  of H fr strain  used (Alföldi e t al. 1957). The second one was th a t 
in a  series o f crosses involving different H fr donor strains, all colicinogenic 
for E 1, and  the  same non-colicinogenic recipient, the  ex ten t o f transfer of 
colicinogeny varied according to  the  H fr s train  used (Alföldi e t al. 1958). 
I t  was th e  ap p a ren t correlation between these two series of facts th a t  led to  
the  above-m entioned hypothesis.

In  view o f th e  indirect character of the evidence concerning the  episomic 
na tu re  of colicinogenic factors, i t  was realized th a t  more system atic work 
was desirable. A t the  occasion of a s tay  a t  th e  Institu te  Nációnál de Micro- 
biologia (Buenos A ires)  in 1960, th is  problem  was therefore suggested as a 
working pro ject to  the  group in terested  there in bacterial genetics. The 
genetic behaviour of colicinogenic factors E 1,E a, I, V and B was thus an a­
lyzed. I t  was found th a t  the  observations m ade in the  case of colicin E 1 had 
been purely coincidental. The effect of le thal zygosis observed when an ex­
cess of non-colicinogenic H fr was p u t in the  presence of F -  colicinogenic 
recipients is also found when both  strains are non-colicinogenic and  only 
with certain  types of H fr s trains (Nagel de Zwaig e t al. 1962). This effect 
has since been stud ied  in g reater details by Clowes (1963) who showed th a t  
th e  ex ten t of lethal zygosis varies according to  the  conditions of th e  exper­
im ent and to  th e  types of H fr and F -  strains used.

EXPERIM ENTAL CONDITIONS

The investigations to  be sum m arized bear on colicins E1; E 2, I, V and  B. 
For each of these colicins, E. coli K l 2 recipient F ” bacteria, F + donors and 
several H fr strains chosen for their differences in  chromosom al polarities 
were m ade colicinogenic either by m ixed culture w ith  a colicinogenic donor 
or by transduction . In  all cases, in order to  avoid distortions in the  results of 
crosses, the  non-colicinogenic as well as the  colicinogenic strains were ren ­
dered resistan t to  the  p articu lar colicin under study. Background knowledge 
on bacterial conjugation m ay be found in W ollman and  Jacob  (1959) and 
Jacob  and W ollman (1961). In  each case, the  reciprocal crosses were made:

$ col+ X $ col-  (proportion <J /$ =  1/20)
<J col- X $ col+ (proportion $ /$ =  in general, 20/1)

as well as the  control crosses: $ col+ x $ col + and $ col- x ? col- .
W hen an excess of males was used, precautions were taken  to  minimize 

zygotic killing. The F -  recipient was a polyauxotroph for threonine, leucine, 
vitam in B,, try p to p h an , histidin and arginin called PA309 which is also 
strep tom ycin-resistan t. The F + donor was stra in  112, a  double auxotroph 
for cysteine and  histidine. The different H fr types are represented in Fig. 1. 
All donor strains were streptom ycin-sensitive. R ecipient bac teria  having 
acquired the  colicinogenic character of th e  donor as well as genetic recom ­
b inan ts for any of th e  auxotrophic characters of th e  recipient are therefore 
selected on appropria te  m edia containing streptom ycin  in order to  elim inate
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thr leu

F i g . 1.— R ep re sen ta tio n  o f  th e  H fr  dono r types. T he o u te r 
circle rep resen ts  th e  genetic  m ap  o f  E . coli K 12, w ith  th e  
re lev an t m arkers. The in n er circles correspond to  th e  lin k ­
age groups o f th e  d ifferen t H fr  m ales in d ica ted , w ith  th e ir  
orig in  an d  p o la r ity  o f  tran sfe r, leu  =  req u irem en ts  for 
leucine, th r — th reon ine , pro  =  proline, try - try p to p h a n , 
his  =  h is tid ine , ary — arg in ine , met =  m eth ion ine, 
th i =  th iam ine , lac, =  u tiliza tion  o f lactose, str =  resistance  

o r sen s itiv ity  to  s trep tom ycin

donor bacteria. Experim ental details m ay be found in the  original papers ol 
the authors: for colicins E 2, I  and V in Nagel de Zwaig e t al. (1962), for 
colicin E[ in Nagel de Zwaig (1963) and  for colicin B in P uig  (1963) as well 
as in forthcom ing publications.

F R E Q U E N C IE S  O F T R A N S F E R  O F Ö O L K T N O G EN Y

In  crosses where the  m ale colicinogenic donor is the  m inority  paren t and 
the  female non-colicinogenic recipient the  m ajority  p aren t (ratio <?/$ — 
1/20), th e  frequency of transfer of colicinogeny is expressed by the ra tio  of 
recipients having acquired colicinogeny to  the  in itial num ber of donor b ac te ­
ria. The results of such crosses are sum m arized in Table I, where th e  five 
types o f colicinogenic properties are arranged according to  the  frequencies 
of th e ir transfer. I t  m ay be seen th a t, for a given colicin, the  frequency of 
its transfer varies to  a certain  ex ten t w ith the  type of colicinogenic donor 
used. F o r different colicins, however, the  frequency of transfer differs much 
more widely, and th is is, so to  say, independent of the  ty p e  of colicinogenic 
donor used, w hether F +, or H frs o f very  different origin and  polarity  have 
been used. T he difference in efficiency of transfer of colicinogeny V and coli­
cinogeny I, for instance, is of the  order of 10*.

109



In  reciprocal crosses betw een non-colicinogenic males and  colicinogenic 
females, the  transfer of colicinogeny from  females to  males has no t been 
observed in all cases in which it has been investigated  and  could be hoped 
to  be detected, i.e. in the  cases of colicins E 1( B and V.

In  these experim ents, therefore, transfer of colicinogeny has only been 
observed to  occur from males to  females and never from females to  males. 
I t  m ay also be added th a t  such transfer has no t been observed from fema les 
to  females either.

T A B L E  i

Frequencies of transfer of colicinogenic factors in crosses ^strs col+ /col X $ F PA309
sirr coFfcol*

T yp es of donor strains
T yp es of coliéin •genie factors in donor strains

V K, J B e2 [

F+ 112 .......................... X II X  8 14 i 0.3
H ír H  .......................... X 8.5 X  7.8 29 0.3 0.2
H ír Type 2 ................. X  4.S X  6 50 1.3 —

H ír Type 4 ................. — x i o ii 3 0.2
Hfr AT 111 A ......... X 21 X  9

* Crosses w ere perfo rm ed  in  th e  p ro p o rtio n  o f  l donor for 20 rec ip ien ts, excep t for 
th e  crosses invo lv ing  col I  w here th e  p ro p o rtio n s w ere reversed  (<J/$ — 20/1). P la tings 
w ere m ade a fte r  90' for crosses involv ing  colicins E , an d  B , a f te r  120' for crosses in v o h  - 
ing colicins V, E 2 an d  I . The re su lts  a re  expressed as th e  ra tio  (in %) o f th e  F _ hav ing  
becom e colicinogenic for th e  fac to r ind ica ted  to  th e  in itia l n u m b er o f b ac te ria  o f th e  
m in o rity  ty p e  (generally  th e  donor type). W hen  th is ra tio  exceeds 100% , th e  fac to r 
b y  w hich th e  n u m b er o f  rec ip ien ts hav in g  acqu ired  colicinogeny exceeds th e  in itia l 
n u m b er o f  dono r b ac te ria  is g iven.

As for the  transfer of non-colicinogeny from non-colicinogenic males to 
colicinogenic females which has been thoroughly  investigated, i t  has never 
been found to  occur.

From  these results, it m ay be concluded th a t the  colicinogenic factors 
exam ined behave as extrachrom osom al factors the  frequencies of transfer 
of which vary  from  one colicinogenic factor to  th e  o ther b u t are relatively 
independent of th e  ty p e  of donor strain  employed.

K IN E T IC S  O F T R A N S F E R  O F C O L IC IN O G E N Y

This conclusion is strengthened  by the  study  of th e  kinetics o f transfer o f 
colicinogeny. I t  can already be seen in Table I  th a t  for those colicinogenic 
factors which are transferred  w ith high efficiency, the  num ber of recipient 
cells th a t  become colicinogenic exceeds the  num ber of donor bacteria  pre 
sen t in the  m ating m ixture, which indicates th a t, unlike chromosom al m ark ­
ers, acquisition of colicinogeny does no t require chromosomal in teg ra­
tion. I t  is already known from  single cell isolation th a t  colicinogenic factors 
replicate in th e  recipients faster th an  th e  recipient’s genome do (Alföldi e t ah 
1958). This is confirmed by kinetic experim ents done in the  cases o f colici­
nogenic factors V, E, and  B such as th a t  represented in Fig. 2 for the  case 
o f colicin V. I t  is seen th a t  whereas the  num ber of chromosom al recom binants
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F i g . 2 . — K in e tic s  o f  tran sfe r o f colicin 
V. In  a  cross H fr  T ype 2 coI+ V  X F _ 
PÁ 309 s tr r col~V, perform ed in  th e  
p ropo rtion  o f I donor fo r 20 rec ip ­
ien t b ac te ria , sam ples w ere w ith ­
d raw n  a t  d ifferen t tim e  in te rva ls , 
tre a te d  in  a  W aring  B lendor, d ilu ted  
an d  p la ted  on ap p ro p ria te  m edia. The 
o rd in a tes  rep resen t th e  num bers  (per 
m l) o f th e  m a tin g  m ix tu re , o f  1 =  to ­
ta l rec ip ien t b ac te ria , 2 =  rec ip ien t 
b ac te ria  h a v in g  becom e colicinogenie 
fo r V, 3 =  genetic reco m b in an ts  th r + 
l e u +s tr r (N agel de Zwaig e t a l. 1 9 6 2 )

T A B L K J I

F re q u e n c ies  o f co l+ b a c te r ia  a m o n g  d iffe ren t ty p e s  o f gen e tic  re c o m b in a n ts  fo rm ed  in  
crosses H fr  s tr s col* /col X F ~  PASO'.) s t r r col ~j col ba c teria *

Donor strains
Colicinogenie

% col+ recom binants

factors
T + L +strr try+ strr his+ strr arg+ strr

V 79 91 100 100
E, 56 58 64 68

Hfr H B 48 80 100 100
V 1 (1/20 0 0 0 2

2 l (20/1 0 " 2 7

T + L + strr arg+sfcrr h is+strr try +strr

V 80 84 100 100
Hfr Type 2 E, 41 42 69 75

w Í (1/20 0 2 1 3
2 ( (20/1 0.7 1.3 1.2 1.5

arg+str? arg+ strr h is+strr

E, 58 62 73
H fr Type 4 B 35 90 98

(1/20 0.3 0 1.5
(20/1 0.4 0 0

* Crosses a re  iden tica l w ith  those  in  T able  I . U nless o therw ise  in d ica ted , th e  p ro p o r­
tions o f H fr  to  F _ a re  1/20. F o r  each ty p e  o f H fr  donor, th e  genetic  reco m b in an ts  are  
g iven according to  th e  decreasing  frequencies o f th e ir  fo rm ation , i.e. to  th e  o rd e r o f 
tran sfe r o f th e  H fr  m arkers.
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reaches a p lateau  before s ta rtin g  to  increase again a t  th e  same ra te  as the 
recipients, th e  num ber of recipients th a t  become colicinogenic does n o t reach 
such a p lateau  b u t increases as the  rest of the recipient population.

In  in te rru p ted  m ating experim ents it is found th a t, w hatever th e  colicin 
under study, be it V, E j or B, and w hatever the  donor type, be it F + or 
of any  of the  H fr types represented in Fig. 1, transfer of colicinogeny a l­
ways s ta rts  w ithin 5 to  10 min a fte r the  onset of th e  cross. Sim ilar results 
have been found for colicin E x by Clowes (1963). These results again d e­
m onstrate  th e  extrachrom osom al n a tu re  of colicinogenic factors.

A sim ilar conclusion is reached when recom binants selected in the  same 
crosses are analyzed for colicinogeny. R esults of such analysis are given in 
Table I I  where it  is seen th a t no linkage is ever observed betw een a given 
colicinogenic factor and genetic m arkers d istribu ted  along the  bacterial 
chromosome. Colicinogeny is found in alm ost the  same proportions am ong 
recom binants for proxim al or for d istal m arkers. There is, however, a te n d ­
ency to  find more colicinogens am ong recom binants for d istal m arkers th an  
am ong recom binants for proxim al ones, and  w hatever the  po larity  of th e  
H frs used. This is in terp re ted  to  m ean th a t  the longer th e  duration  of con­
jugation, the higher the probability  for a colicinogenic factor to  be tra n s ­
ferred.

EFFECT OF COLICINOGENY ON THE FORMATION OF GENETIC
RECOMBINANTS

In  general the  colicinogenic character of either the  donor or the  recipient 
or bo th  has no effect on the  frequency of recom binant form ation or on the 
genetic constitu tion of the  recom binants. This has been generally the  case 
for crosses involving colicins E lt E„, I  or V. The form ation of recom binants 
is closely sim ilar to  th a t  observed in control crosses involving non-colicino- 
genic strains, provided, needless to  say, th a t  in crosses involving one colici­
nogenic strain , bo th  paren ts are resistan t to  th e  colicin under study.

The situation  is com pletely different for crosses involving colicin B as a l­
ready observed by Frédéricq  and B etz-B areau (1956). W hereas th e  crosses 
betw een non-colicinogenic males, F + or Hfr, and colicinogenic females, 
yield as m any recom binants as the  control crosses between non-colicino­
genic bacteria, th e  reciprocal crosses between colicinogenic males and non- 
colicinogenic females as well as the  crosses between colicinogenic males and 
colicinogenic females exhib it a  drastically  reduced frequency of recom bi­
nants. The extensive results obtained by Puig (1963) are particu larly  s tr ik ­
ing. He has found th a t  crosses involving an F + donor colicinogenic for B 
are com pletely sterile. Crosses where th e  H fr donor is colicinogenic for B 
exhib it a frequency of recom binants reduced bv a factor 10a to  104, although 
in such crosses the  grad ien t of transm ission of H fr m arkers appears to  be 
preserved.

This is not the  place to  elaborate on this phenom enon which is still under 
s tudy  by Puig. I t  is clear th a t  the  presence of colicinogenic factor B in the 
donor has no effect on the  process of conjugation proper since colicinogenic 
factor B  itself is transferred  w ith high frequency from donor to  recipient 
bacteria. I t  is no t known, however, yet, w hether th e  effect of colicinogeny B 
is on chromosom al transfer or on chromosom al integration.



SU M M A RY  A N D  C O N CLU SIO N S

The experim ents sum m arized here show th a t in the  five cases studied, 
i.e. colicinogeny E x, E 2,1 , V and  B, bacteriocinogeny is under th e  control of 
genetic structures, i.e. th e  colicinogenic factors, which all are non-chromo- 
somal. (1) Colicinogenic factors are transferred  from m ale donors to  female 
recipients b u t no t from females to  males, o rfrom  females to  females. (2) E ach  
colicinogenic factor is transferred  w ith  a certain  efficiency, which differs 
widely for different colicinogenic factors b u t which, for a given colicinogenic 
factor, is w ith in  the  sam e order of m agnitude, w hatever the  ty p e  of m ale 
used. (3) T ransfer of colicinogeny begins early, w hatever th e  ty p e  of male, 
E + or H fr, w ith  different polarities. (4) Colicinogenic factors replicate faster 
th a n  th e  bacterial chromosome. (5) The presence of a colicinogenic factor 
in either the  male, the  female or bo th  is w ithou t effect on the  different steps 
leading to  the  form ation of genetic recom binants in  th e  cases o f colicinogeny 
E u E 2, V or I. This is no t the  case for colicinogeny B where th e  colicinogenic 
character of the  donor greatly  reduces the  frequency of genetic recom bi­
nants.

I f  these facts clearly dem onstrate  the  non-chrom osomal location of coli­
cinogenic factors, a conclusion also reached by Frédéricq (1963) and  Clowes 
(1963), th ey  do not solve all th e  problem s raised by the  inheritance and  
transferab ility  of these genetic elements.

One problem  is th a t  of th e  location of colicinogenic factors. I t  seems un- 
ikely th a t  colicinogenic factors are random ly d istribu ted  in the  cytoplasm . 

The high frequency of transfer of some of them , and  the  early tim e a fte r the 
onset of conjugation a t  which th ey  s ta r t  penetrating  into the  recipient, speak 
against such a hypothesis. A sim ilar problem  is raised by  the  behaviour of 
th e  sex factor of donor E + bacteria  (W ollman and  Jacob  1958). In  th is  case, 
i t  m ay be assum ed th a t  th e  sex factor resides a t  certain  specific sites of the  
bacterium , perhaps a t th e  cytoplasm ic m em brane, in the  vicin ity  of sex- 
determ ined receptors of the  bacterial surface. Conjugation occurring a t  these 
sites, the  sex factor w ould be transferred  preferentially  (Jacob e t al. 1963).

The problem  of the  location of colicinogenic factors is in tim ately  linked 
to the  problem  of their transferab ility . I t  could be assum ed th a t colicino­
genic factors are also located a t th e  bacterial surface and  also connected to  
certain  surface receptor sites. The im m unity  o f colicinogenic bac teria  to  the  
colicin th ey  are able to  produce m ight perhaps result from specific m odifica­
tions of the  surface of the  bacterium . To account for the  differences in  the  
frequencies of transfer of different colicinogenic factors, the  hypothesis 
could be m ade th a t th e  closer the  location of a colicinogenic factor to  a male 
receptor site, the  greater the  frequency of its transfer. Colicinogenic factors 
generally located a t sites rem ote from the  site of location of the  sex factor would 
have only very low probabilities of passing through the  conjugation bridge.

The fact, however, th a t  colicinogenic factors, w hatever the  frequency of 
th e ir transfer from males to  females, do n o t detectab ly  pass from females to  
males (or from females to  females) calls for additional hypotheses. O bvi­
ously, and  th is is ju st resta ting  th e  facts, the  presence of a sex factor in a 
bacterium  confers a ‘p o larity ’, d irect or indirect, to  o ther genetic elem ents 
present in the  male cells. In  the  present s ta tu s  of our knowledge, it  seems 
however more useful to  s ta te  the  problem  th an  to  propose precise models.
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A problem  rela ted  to  the  one ju st m entioned is th a t  posed by  th e  b ehav­
iour of colicinogenic factor B. H ere th e  presence of th e  sex factor in th e  m ale 
results in a  high frequency of conjugation and  a high frequency of tran sfe r 
o f colicinogenic factor B. Conversely, however, the  presence of colicinogenic 
facto r B reduces drastically  th e  transm ission of chrom osom al m arkers. 
F rédéricq  has found a relationship betw een colicinogenic facto r B  an d  the  
sex factor (1963). Such linkage betw een these genetic elem ents has no t 
h ith e rto  appeared in  the  system  investigated  by  Puig  (1963).

I t  m ay be concluded from  th is b rief discussion th a t  if  a few, w ell-estab­
lished facts have arisen from the  com parative study  o f th e  genetic behaviour 
of colicinogenic factors, m any more problem s concerning these genetic 
elem ents rem ain to  be investigated.
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DISCUSSION

Clo w es: W ith  regard  to  th e  effect shown by th e  induction of col. B in re­
pressing th e  fe rtility  o f donor K 1 2 strains, is i t  known w hether the  col. 
B specific surface antigen m asks th e  F  male specific surface ? I t  m ight be 
shown, perhaps, by  a reduction in th e  ab ility  o f these strains to  p la te  
m ale specific phages. I t  can be th a t  col. B, like r t f , b u t unlike col. I, 
in terferes in  some w ay w ith th e  F  m ating  surface.

W ollman: N o tests  have been m ade using th is phage. However, col. B does 
no t appear to  be transferred  between tw o F  strains of K12.

W a t a n a b e : W e have stud ied  the  effect of colicinogenic factor B on the  
sensitiv ity  of th e  host cells to  m ale specific phages. We have found th a t 
th e  cells become resistan t to  these phages.
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Bacteriocinogeny and  lysogeny in Pseudomonas aeruginosa have been found 
by H am on e t al. to  be very w idespread (Ham on 1956, H am on e t al. 1961). 
Those bacteriocins which were exam ined in detail were each found to  show 
a different spectrum  of action tow ards sensitive strains. The effect o f u ltra ­
violet irrad ia tion  on bacteriocin and phage production by 31 strains 
of P . aeruginosa of diverse origin has now been investigated, and the  action 
spectrum  o f th e  bacteriocin produced by each s tra in  determ ined against th e  
o ther 30 strains. The pyocins have been divided into 4 m ain types on the  
basis of their action spectra, giving a classification system  sim ilar to  th a t  
in itially  developed by Frédéricq (1948) for th e  colicins.

B A C T E R IA L  ST R A IN S

Pseudomonas aeruginosa strains 1999, 2000, 5083, 5940, 6749, 6750, 
6751, 7244, 7771, 8058, 8060, 8203, 8505 and 8506 were ob tained  from  The 
N ational Collection of T ype Cultures, strains 20, 21, 24/1, 24/2, 73, 117, 
118, 119, 130 and  149 were kindly  supplied by Dr M. Rhodes, strains C4, 
C6 and  C10 by  Dr L. Dickinson, and  strains 1, 2, 3 and  29 by D r B. Holloway.

EXPERIMENTAL

A 10 ml sam ple of a log phase try p to n e  b ro th  culture of each stra in  (E  =  
0.5) was irrad ia ted  in an  open petri dish rocked by hand  for 30 sec, 1 m etre 
below a  low pressure m ercury vapour lam p. The ra tes of grow th o f the  
irrad ia ted  culture and  o f an  un irrad ia ted  control were followed in a 
nephelom eter during a fu rth e r 2 h incubation a t  37°. B acterial cells and  
debris were rem oved by  centrifugation, and  th e  su p ern a tan t fluids steril­
ized by heating  to  55° for 30 min. Serial tenfold dilutions o f th e  supernatan ts  
o f control and  irrad ia ted  cultures were assayed by  placing stan d ard  drops 
on peptone agar p lates seeded w ith  one drop of an  overnight culture of one 
o f the  ind icator strains. E xam ination  of the m orphology of th e  inhibition 
zones appearing a fte r overnight incubation indicated  th e  presence of pyo- 
cin and/or phage in th e  supernatan t fluids, and  gave a  q u an tita tiv e  m easure

* This work was supported by a grant from the Agricultural Research Council, and 
forms part of a Ph. I). Thesis to be submitted to the University of Sheffield.
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of th e  production of each by the  irrad ia ted  cultures com pared w ith  th e  
controls. W here the  q u an tity  of phage present was sufficient to  give con­
fluent lysis a t  high dilutions, th u s obscuring a possible pyocin reaction, 
sam ples were irrad ia ted  strongly (10 min a t  25 cm below the  lam p) to  in ac ti­
v a te  the  phage, and  reassayed.

In  addition to  th e  p la te  assay m ethod, all strains were tested  by th e  p e r­
pendicular streak  m ethod of A bbott and  Shannon (1958) and  by  th e  two- 
layer technique of G ra tia  (1947). Pyocin reactions were scored positive only 
if a t  least one o f these m ethods showed a positive reaction, in  addition to  
th e  p la te  assay. Non-specific inhibition by low m olecular w eight catabolic 
products was excluded by  assaying dialysed sam ples of th e  supernatan ts  
of irrad ia ted  cultures: th e  an tibac teria l activities of dialysed and  of non- 
dialysed sam ples were the  same. In  sam ples trea ted  in a 1 KV ultrasonic dis­
in teg ra to r for 5 min, an tibac teria l activ ities were negligible.

RESULTS AND CONCLUSIONS

A lthough th e  optim um  u v  dose for each s tra in  was no t determ ined, and 
i t  was evident th a t  the  u v  sensitiv ity  of different s trains varied, all irrad ia ted  
cultures showed a dim inished growth ra te  as com pared w ith th e  non-irra- 
d ia ted  control cultures, and  m ost irrad ia ted  cultures lysed 60 to  90 min

producer strains

F ig . 1. Sensitivity of each strain to the pyocin from each 
producer strain. The symbols indicate the greatest dilution of the 
supernatant from an irradiated culture of the producer giving a 
discernible inhibition zone. /  =  10-1, / / /  — 10“2, / ' #  =  10“3, 

|  =  If)-1 or greater



afte r irrad ia tion . E very  strain , however, showed a 10 to  lOOfold increase in 
th e  level of pyocin in th e  irrad ia ted  culture, as com pared w ith th e  control, 
so th a t  all the  pvocins appeared to  be uv inducible.

While few of the  pyocins showed identical action spectra, i t  was found 
possible to  group them  into four m ain types on the  basis of b o th  sensitiv ity  
and  resistance of the  ind icator strains. No stra in  was sensitive to  its  own 
pyocin, and in consequence those strains producing sim ilar pyocins should 
show cross-resistance to  one another. In  Fig. 1, areas of cross-resistance 
w ith in  each group have been enclosed in squares for clarity, and  the  pyocin 
ty p e  of each group designated by a capital letter. Cross-resistance in Group 
A is n o t complete, and indeed the  pyocins which have been placed in th is 
group show ra th e r wide qu an tita tiv e  differences in their spectra, decreasing 
ac tiv ity  against Group B strains correlating approxim ately  w ith  increasing 
ac tiv ity  against Group C strains. However, i t  seems difficult to  justify  su b ­
division of th is group on the  basis of action spectra alone. Groups B, C and 
D show com plete group cross-resistance, b u t small heterogeneities in spec­
trum . Six strains could no t be fitted  into any group, and m ay either be m ul­
tip le pyocinogenic, or carry pyocins of a rare type. I t  has been pointed out 
by Frédéricq (1953) th a t  th e  specific resistance of selected bacteriocin-resis- 
ta n t  m u tan ts  gives a b e tte r foundation th an  sensitivity  on which to  base a

producer strains

- I s Í—. Irs - K K N ^  O. CSj Cs fv n
c\4

F ig . 2. —T he sen s itiv ity  o f  each s tra in  to  th e  phages from  
each  lysogenic s tra in . T he sym bols in d ica te  th e  g rea te s t 
d ilu tion  o f  th e  su p e rn a ta n t from  an  ir ra d ia te d  cu ltu re  o f 
th e  p ro d u cer g iv ing  p laques in th e  a rea  o f th e  assay  drop . 
/  =  IQ-*, ^  =  iQ-2, j / y  =  iQ—2, g j =  |o -4  or g rea te r



bacteriocin-grouping system . A ttem pts to  produce pyocin-resistant m u tan ts  
have so far been unsuccessful.

F ive strains were n o t found to  be lysogenic. The action spectra  of the  
phages produced were very  m uch narrow er th an  those of the  pyocins (Fig. 
2), and  did n o t show sim ilar groupings, except in  th e  case of th ree strains 
producing T ype C pyocins, whose phages also showed identical action spectra.

*

I  am  indebted to  D r B. A. F ry  for m any helpful criticisms and suggestions 
during th e  course of th is work.
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S y m p . B iol. H ung. 6, 119-20 (1965)

P oursu ivan t nos recherches sur le pouvoir bactériocinogéne des microbes de 
la tribu  des Klebsiella (Ham on, Y. e t Páron, Y. 1961, 1962, 1963), nous 
avons étudié les bactériocines produites p a r les souches ap p a rten an t aux 
genres A erobacter (33 souches) e t K lebsiella (112 souches parm i lesquelles 
figurent 96 souches de K . 'pneumoniae, 8 de K . oxytoca, 6 de K . ozenae e t 
2 de K . rhinoscleromatis); 35 p. 100 des cultures de K lebsiella e t 75 p. 100 
des cultures d ’A erobacter aerogenes élaborent des bactériocines qui agissent 
sur les Klebsiella, les A erobacter e t parfois sur certaines Enterobacter 
cloacae. E lles ne provoquent aucune inhibition  des cultures révélatrices des 
au tres families de bactériocines, en particu lier de celles qui p erm e tten t de 
m ettre  en évidence les colicines (souches B, K12S, 36 d ’E. coli, Y 6R  de 
Shigella parodysenteriae).

Ces bactériocines p résen ten t done une individualité certaine; elles se 
différencient no tam m ent des au tres entérobactériocines (colicines, cloacines, 
marcescines e t carotovoricines).

SPECTRE I PACTIVITÉ DE CES BACTÉRIOCINES

Bien que leur sensibilité sóit généralem ent peu étendue, nous avons trouvé 
quelques souches révélatrices de K lebsiella qui sont sensibles a tou tes (ou 
presque toutes) les bactériocines produites par les cultures de ce genre; au 
contraire, les souches révélatrices d ’Aerobacter aerogenes sensibles k tou tes 
les bactériocines de cette  espéce sont com m uném ent rencontrées. Or, nous 
avons constaté  que: (a) les bactériocines d ’Aerobacter aerogenes sont fré- 
quem m ent actives sur les cultures de Klebsiella e t no tam m ent sur les cultures 
révélatrices de Klebsiella pneumoniae, (b) les bactériocines des Klebsiella 
agissent ra rem ent sur les cultures d' Aerobacter aerogenes, mérne sur les 
souches révélatrices de tou tes les bactériocines produites p a r cette  espéce.

Les constata tions précédentes (a) e t (b) p e rm etten t d ’affirm er que: (1°) 
les bactériocines produites p a r les Klebsiella e t celles qui sont élaborées par 
A . aerogenes p résen ten t un certain  degré de parenté, (2°) ces bactériocines 
sont, toutefois, diíférentes puisque les souches révélatrices d ’A . aerogenes 
qui sont sensibles a tou tes les bactériocines produites par cette espéce, ne 
perm etten t de m ettre  en évidence q u ’un p e tit nom bre de bactériocines de 
Klebsiella.

*R ead  b y  title .
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La therm orésistance re la tivem ent plus élevée des bactériocines produites 
p a r A . aerogenes confirme ce tte  difference: en effet, alors que celles-ci 
résisten t hab ituellem ent ä un chauffage ä 60° C p en d an t 30 m inutes, les 
bactériocines élaborées par les K lebsiella sont généralem ent détru ites p a r ce 
tra i tem ent.

E n  nous in sp iran t de la nom enclature im plicitem ent adm ise pour désigner 
les nouvelles families de bactériocines, nous proposons d ’appeler pneumo- 
cines les bactériocines produites par les diverses espéces du genre K lebsi­
ella e t de nom m er aérne,ines celles élaborées par Aerobacter aerogenes.

INTÉRÉT TAXONOMIQUE DB CBTTE ÉTUDE

Les bactéries ap p a rten an t aux genres A erobacter e t K lebsiella syn thétisen t 
done des bactériocines qui to rm ent deux families distinctes. Aerobacter 
aerogenes ne p eu t done pas étre  considéré comme un  ty p e  de Klebsiella; 
toutefois, Faction fréquente des aérocines sur les K lebsiella e t Faction 
non exceptionnelle des pneum ocines sur les A erobacter ind iquen t la paren té 
de ces deux genres. E n  outre, l’étude des bactériocines <i’A. aerogenes con­
firme les études biochim iques d ’Horm aeche et E dw ards (1960) qui rap- 
prochent A . aerogenes á ’Enterobacter cloacae: en effet, alors que les pneum o­
cines n ’agissent qu ’exceptionnellem ent sur E n tero b acter cloacae, les aéro­
cines sont assez fréquem m ent actives sur ces cultures. II est done possible 
q u ’A. aerogenes fasse la transition  en tre  les Klebsiella e t les E nterobacter.

Les bactériocines produites par les E nterobacteriaceae ou entérobacterio- 
cines, com prennent done actuellem ent, en dehors des colicines, les 5 fa ­
milies suivantes: pneumocines, aérocines, cloacines (Ham on e t Péron 
1963), marcescines (Ham on e t Péron (1961) e t carotovoricines (Hamon et 
Péron 1962).
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More th a n  80 per cent of the  ribonucleic acid (RNA) o f Escherichia coli is 
represented by ribosom al R N A  molecules, th e  nucleic acid m oiety of the  
ribosomes th a t  are the site of p ro te in  synthesis in  the  cell, and  m ost o f the  
rem ainder of th e  R N A  is accounted for by the  transfer R N A  molecules th a t  
function as am ino acid ‘adap to rs’ in protein  synthesis. F inally , a q u an ti­
ta tive ly  minor, albeit qualita tively  m ost im portant, fraction  of the  R N A  is 
represented by the  ephem eral messenger R N A  molecules th a t  harbor the  
sequence inform ation for th e  ordered copolym erization of am ino acids into 
specific polypeptides (Jacob and  Monod 1961). In  th is discussion, I  should 
like to  sum m arize briefly some recent ideas th a t  lead to  th e  notion th a t, 
besides being the  am ino acid adap to r, and  thus the  agency th a t  ‘know s’ 
the  genetic code, th e  transfer R N A  m ay also p lay  a role in the  regulation of 
bacterial biosynthesis, in particu lar, th a t  th e  transfer RNA m ay in tervene 
in the  general regulation of the  synthesis of RNA.

AMINO ACID CONTROL OF RNA SYNTHESIS

There exist num erous observations th a t  indicate th a t the  availab ility  to  
the  bacterium  o f am ino acids governs its  differential ra te  of RN A  synthesis. 
Since m ost of the  experim ents re levant to  th is regulation of R N A  synthesis 
were concerned w ith m easurem ents of total RNA, I  shall n o t a ttem p t to  d is­
tinguish  here betw een th e  possibly separate control of synthesis of ribo­
somal, transfer and  messenger RNA. One set of such observations perta ins to  
the  upshift and  downshift experim ents (K jeldgaard e t al. 1958, Schaechter 
e t al. 1958, N eidhard t and  M agasanik 1960). These experim ents show th a t 
there ensues an  im m ediate acceleration in the  synthesis of RNA upon 
transfer of a bacterial culture from a minim al medium  to an  am ino acid-supp­
lem ented one (upshift); th is  increase in the  ra te  of RNA synthesis occurs well 
before any  la te r acceleration of o ther b iosynthetic functions becomes m ani­
fest (reflected in such properties of the  culture as its  tu rb id ity , viable cell 
count, or DNA content). The tim e lag between th e  accelerations of th e  syn ­
theses o f RNA and  of o ther cell constituen ts accounts for th e  higher relative 
R N A  con ten t of bacteria  in an am ino acid-supplem ented m edium  th an  in a 
minimal one (Maal0e 1960). Conversely, there ensues an immediate h a lt of RNA

* This investigation was supported by Public Health Service Research Grant 
OA 02129, from the National Cancer Institute.
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synthesis upon transfer of a culture from an am ino acid-supplem ented medium 
to  a minim al one (downshift). The com plete h a lt in RNA synthesis persists 
afte r o ther biosynthetic functions again proceed a t  the  lower ra te  charac­
teristic of th e  m inim al medium  and RNA synthesis finally resumes only 
a fte r the  specific RNA con ten t of the  post-dow nshift culture has fallen to  the 
pre-upshift level.

A second set of experim ents perta ins to  RNA synthesis in am ino acid- 
requiring bacterial auxotrophs. Such auxotrophs stop synthesizing not only 
protein b u t also RNA as soon as they  are deprived of an  exogenous source of 
the  required am ino acid. However, if synthesis of protein is inhibited, e.g., 
by an  addition of the  antib io tic chloram phenicol to  th e  culture, then  a very 
small concentration of the  required am ino acid - far below th a t  otherw ise 
necessary for optim al g row th—suffices to  prom ote RNA synthesis a t a 
nearly m axim al ra te  (Gros and  Gros 1956, 1958, Pardee and Prestidge 1956, 
Aronson and Spiegelman 1958). T h a t is, the  requirem ent for am ino acids in 
R N A  synthesis appears to  be catalytic, ra th e r th an  stoichiom etric. This 
ca ta ly tic  role of am ino acids is suggested also bv the  finding th a t  addition 
of chloram phenicol to  a  culture of non-auxotrophic bacteria  growing in  a 
m inim al medium  engenders a tem porary  acceleration of RNA synthesis. 
H ere th e  an tib io tic appears to  p reven t th e  neutralization of free amino 
acids liberated  by the  spontaneous breakdown of bacterial proteins and  thus 
to  allow the  build-up of an in tracellu lar am ino acid pool, m imicking the 
conditions of ‘u p sh ift’ (K urland  and Maalpe 1962).

The cata ly tic  in tervention  of am ino acids in the  control of bacterial RNA 
synthesis allows the  bacterium  to ad ju st its  steady  s ta te  level of RNA in 
accordance w ith th e  nu tritiona l lim itations imposed on the  over-all ra te  of 
protein synthesis: as long as all of th e  20 s tandard  am ino acids are in ab u n ­
d an t supply, th e  cell can utilize th e  m axim um  am ount of ribosom al and 
messenger RN A  molecules in order to  effect protein synthesis a t  th e  m axi­
mum ra te ; as soon as the supply of an y  one am ino acid falls to  a suboptim al 
level, protein synthesis m ust necessarily decelerate and  render supernum er­
ary  some o f th e  cellular RNA. I t  is possible to  understand  th e  na tu re  of 
th is regulatory  process by  supposing th a t  w ithin the  bacterium  there exists 
a set o f 20 inhibitors of R N A  synthesis, each inh ib itor species subject to 
neutralization  by  one particu la r kind of am ino acid. Hence, th e  lower the  
in tracellu lar concentration of am ino acids, the  higher the  effective inhibitor 
concentration, and hence, the  sm aller the  ra te  of RNA synthesis. F u rth e r­
more, as soon as the  concentration of any one am ino acid falls to  the  very 
low level th a t  obtains in an auxotroph  starved  for its  growth factor, the 
effective concentration of the  inhibitor homologous to  th a t am ino acid rises 
high enough to  cu t off RNA synthesis altogether.

The set of 20 or more transfer RNA species, each of which is known to 
en ter into com bination w ith only one cognate am ino acid (Berg and  Ofen- 
gand 1958) com m ended itse lf as a likely possibility for the  postu lated  in ­
hibitors of RNA synthesis (Stent and B renner 1961, K urland  and  Maalpe 
1962). Thus, am ino acid-free transfer RNA molecules would inh ib it RNA 
synthesis, whereas enzym atic transfer o f the  cognate am ino acid to  the 
ribose m oiety of th e  term inal adenine nucleotide of the  homologous transfer 
RNA molecule would abolish th e  inh ib itory  effect. The hypothesis of the 
transfer RNA molecules as regulators o f RNA synthesis subsequently  de­
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rived support from th e  finding (Tissiéres e t al. 1963) th a t the  in  vitro action 
of the  D N A -dependent RNA polym erase—the enzyme presum ed to  be 
responsible for the  in  vivo synthesis of bacterial messenger R N A —is in ­
hibited  by  amino acid-free transfer RN A  and  th a t  th is  inhibition can be 
relieved by charging th e  transfer RNA molecules w ith am ino acids. Thus, 
if  the  D N A -dependent R N A  polym erase is responsible no t only for the 
synthesis of messenger b u t also for the  synthesis of the  to ta l bacterial RNA, 
as would be the  case if  the  bacterial DNA really provides the  tem plate  for 
all species of R N A  polynucleotides, then  th e  am ino acid control of RNA 
synthesis could be understood in term s of th e  inhibition o f RNA poly­
m erase function by am ino acid-free transfer RNA molecules.

RELAXED CONTROL AND THE CATHOLIC INDUCER

There exists, however, an exception to  th is general finding of stringent 
am ino acid control of bacterial RNA synthesis, nam ely the  behavior of the  
m ethionine-requiring m u tan t 58-161 of E. coli K12 (Borek e t al. 1955a, 
Borek e t al. 1955b). C ultures of th is m u tan t stra in  continue to  synthesize 
RNA even a fte r having been deprived of all exogenous m ethionine. During 
methionine starvation, the  bacteria  lose more th an  double their relative content 
of bo th  ribosom al as well as transfer RNA (Mandel and  Borek 1962, Neid- 
h ard t 1963) and, w ithou t having lost the ab ility  to  give rise to  colonies on 
n u trien t agar, undergo a progressive physiological deterioration th a t  delays 
th e  resum ption of norm al anabolic activities a fte r restoration  of m ethionine 
to  th e  grow th medium. The reason for th e  m ethionine-independent RNA 
synthesis in th is strain  is no t th a t  m ethionine, unlike o ther am ino acids, 
does n o t happen to  partic ipa te  in th e  control of RNA synthesis, since 
m ethionine-auxotrophs of E. coli o ther th an  stra in  58-161 do cease net 
synthesis of RNA as soon as m ethionine is rem oved from their growth 
medium. Subsequent experim ents w ith auxotrophic derivatives of th is strain  
requiring various am ino acids, such as leucine, isoleucine, valine, threonine, 
arginine, histidine, lysine or try p to p h an  showed th a t  in th is exceptional 
s train  R N A  synthesis can proceed in the  absence of no t only m ethionine 
b u t also of o ther am ino acids necessary for growth. T h at is, in strain  58-161 
th e  norm ally stringen t am ino acid control of RNA synthesis is relaxed.

Genetic crosses involving conjugation between H fr donor bac teria  derived 
from strain  58-161 and F “ recipient bacteria, derived from o ther lines of 
E. coli K12, th a t  m anifest the  norm al, stringen t control of RNA synthesis, 
showed th a t  the  p roperty  of relaxed am ino acid control of RNA synthesis 
can be transferred  from  donor to  recipient cell, and th a t it segregates am ong 
the  recom binant bac teria  produced. Hence there appears to  exist an RNA 
control, or RC, genetic locus in E. coli which is involved in the  regulation by  
am ino acids of RNA synthesis, and which can exist in two allelic states, 
stringent, or RCst, and  relaxed, or RCrd (Stent and  B renner 1961). Amino 
acid auxotrophs carrying th e  RCst allele stop synthesizing no t only protein 
b u t also RNA as soon as they  are deprived of an exogenous source of th e ir 
am ino acid grow th requirem ent, whereas auxotrophs carrying the  RCrel 
allele continue to  synthesize RNA a t  a nearly norm al ra te  for a considerable 
period a fte r rem oval of the  required  am ino acids from the grow th m edium.
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A more detailed  stu d y  of the segregation p a tte rn  o f com plem entary RC  geno­
types am ong th e  recom binant progeny of such crosses showed th a t  the  RC  
gene is s ituated  on the E. coli chromosome between the  loci responsible for 
resistance to  streptom ycin  (str-r) and for synthesis of serine (ser/gly) (Al­
földi e t al. 1962).

S tudy  of the  physiology of grow th of RC rel bacteria  showed th a t  their 
synthesis of RNA appears to  be under norm al control under m ost conditions 
of balanced or unbalanced growth. Thus, i t  is tru e  for RC rel strains, as it 
is for the  norm al RC st strains, th a t  the  richer the grow th m edium , and  hence 
the  faste r the  ra te  of bacterial growth, th e  greater th e  differential ra te  of 
RNA synthesis, and  hence the  greater the  relative cellular con ten t of RNA. 
Furtherm ore, i t  is tru e  for R C rel strains, as it  is for RC st strains, th a t  upon 
dow nshift of growing cultures into m edia of nu tritiona lly  inferior carbon 
and  energy or nitrogen sources, there ensues an  im m ediate reduction in 
the differential ra te  of RNA synthesis (N eidhardt and  Eidlic 1963). H ow ­
ever, a striking difference in the  behavior o f R C rel bacteria  is ev ident upon 
dow nshift from  am ino acid-supplem ented m edia to  m inim al one3. Under these 
conditions, RC rel bacteria continue ra th e r th an  cease th e ir synthesis of RNA 
and  en ter a long lag, lasting for m any hours, before resum ing grow th in 
the  m inim al m edium. A pparently , th e  unbalanced, post-dow nshift accum u­
lation of RNA drives the  R C rel bac teria  in to  a  physiological im passe in 
which the  synthesis of previously repressed enzymes necessary for the  re ­
sum ption of grow th has become very difficult. Indeed, colony assay on m in­
im al glucose agar of R C rel bacteria  growing rapidly  in am ino acid-supple­
m ented medium reveals th a t  only ab o u t 20%  of th e  cells th u s subjected to  
dow nshift are u ltim ately  able to  escape from  th is impasse. Leucine greatly  
aggravates th e  deleterious effects of dow nshift transfer for R C rel genotypes, 
since th e  presence of leucine in the  m inim al glucose agar reduces to  0.1%  
the  fraction of cells capable of ever resum ing growth, i.e. of form ing a colony 
on the  m inim al agar (Alföldi e t ab 1963). Thus the  regulatory  aberration 
of R C rel bac teria  becomes m anifest only upon sta rva tion  of the  bac teria  for 
one or a few required amino acids. I t  is under th is special m etabolic restric ­
tion  th a t  the  norm al control o f RNA synthesis shown by RC st genotypes 
breaks down in R C rel genotypes.

Since the  behavior of R C rel bacteria  is quite norm al under m ost conditions 
of balanced and  unbalanced grow th, it  follows th a t  th e ir R N A  synthesis 
is no t to  be considered am ino acid-independent, or ‘constitu tive’. R ather, 
th e ir behavior suggests th a t  th e  regulatory  aberra tion  of RC rH bac teria  
derives from  a breakdown of the specificity of th e  neutra lization  reaction 
between th e  am ino acids and  the  postu la ted  inhibitors of RN A  synthesis. 
T h a t is, one m ay suppose th a t, in con trast to  norm al RCst genotypes, in 
which each inh ib itor species can be neutralized by  only one of the  standard  
am ino acids, in R C rel bacteria  each inh ib itor species can be neutralized no t 
only by its  cognate am ino acid b u t also bv a catholic inducer. This catholic 
inducer m ight be a m etabolite th a t  bears some stru c tu ra l or m etabolic 
relation to  am ino acids, or m ight in fact, be itself an  am ino acid. In  RC rel 
bacteria, ju s t as in  RCsl bacteria, RN A  synthesis would then  proceed a t  a 
reduced ra te  as long as nu tritiona l lim itations of th e  grow th medium  render 
m any am ino acids in short in tracellu lar supply. These sam e nu tritiona l 
lim itations would cause the  postu lated  catholic inducer also to  be in short
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supply, and  its in tracellu lar concentration to  be insufficient for the  n eu tra l­
ization of an  appreciable fraction of th e  am ino acid-free inh ib itor molecules. 
However, if  RGrrl bac teria  are starved  for only one, or a  very  few required 
am ino acids, then  th e  in tracellu lar concentration of th e  catholic inducer 
w ould suffice to  neutralize enough inh ib itor molecules cognate to  th e  few 
missing am ino acids to  allow m aintenance of RNA synthesis. Leucine would 
be tho u g h t to  bear a m etabolic relation to  th e  catholic inducer, so th a t  its 
toxic effect during dow nshift transfer from  am ino acid-supplem ented m ed­
ium  to  m inim al one w ould be explained by an increase in the  in terna l con­
centration  of th e  inducer and  hence by  an  overstim ulation o f the  pern i­
cious post-dow nshift R N A  synthesis.

Three a lternative  roles can now be envisaged for the  RC  locus. (1) RC  
m ight govern the  s tru c tu re  of the  inh ib itor molecules; here, th e  RCrel 
allele would produce a s tru c tu ra l modification of all inh ib ito r species, so 
th a t  they  would accept the  catholic inducer. (2) RC  m ight govern th e  sy n ­
thesis of one or more enzymes th a t  catalyze the com bination o f the  am ino 
acids w ith  the  cognate inhibitor; here, the  RCrd allele would produce a 
modified enzym atic ensemble th a t  could combine th e  catholic inducer w ith  
all inh ib itor species. (3) RC  m ight govern th e  synthesis of the  catholic 
inducer; here th e  RCrel allele would produce an  increase in  the  in tracellu lar 
concentration of th e  catholic inducer. A t present I  favor the  las t of these 
th ree  hypotheses.

E xperim ents have been carried ou t to  te s t directly  w hether, provided 
th a t  th e  transfer R N A  molecules are really the  inhibitors of RN A  synthesis, 
one of th e  20 s tan d ard  am ino acids is th e  postu lated  catholic inducer (M ar­
tin  e t al. 1963). F o r th is purpose, transfer R N A  molecules ex trac ted  from  
R C rel bac teria  were charged w ith one or more o f the  20 stan d ard  am ino 
acids by  the  use of am ino acid-activating enzymes isolated from  th e  same bac­
teria . T he charged transfer RN A  was oxidized w ith periodate, and  th en  re ­
isolated and re tested  for its residual capacity  to  accept an  am ino acid th a t  
was absent from  the  prelim inary  charging m ixture. I f  prelim inary  charging 
transferred  an  am ino acid to  a non-cognate transfer RNA species belonging 
to  an  absent am ino acid, then  th e  acceptor capacity  for th e  missing am ino 
acid would survive periodate oxidation and reveal its  presence on recharging 
w ith  th a t  am ino acid a fte r post-periodate reisolation of th e  transfer RNA 
(Berg e t al. 1962). The results of these experim ents showed th a t  there does 
not appear to  exist any  m ajor breakdow n in am ino acid transfer specificity 
in RCrel bacteria: prelim inary charging of the  transfer R N A  from  RC"’1 
bac teria  w ith  19 of the  20 s tan d ard  am ino acids does no t afford protection 
against periodate oxidation for any appreciable fraction of th e  transfer RNA 
molecules cognate to  th e  absent 20th am ino acid. I t  is unlikely, therefore, 
th a t  the  catholic inducer is one of the  20 s tan d ard  am ino acids. If, as is of 
course possible despite th e  suggestive evidence, transfer R N A  is not, a fte r 
all, th e  inh ib ito r of R N A  synthesis, and  am ino acids exert th e ir regulatory 
role by combining w ith, and  neutralizing, an entirely  different class of inh ib ­
ito r molecules, th en  the  present experim ents are no t re levant to  the  na tu re  
of the  catholic inducer. B u t if one wishes to  re ta in  bo th  notions of the  regu­
la to ry  role of transfer RNA and o f the  presence of a catholic inducer in 
RCrel strains, one is led to  infer th a t  th e  catholic inducer m ay be a  n on­
stan d ard  am ino acid, or sim ply an organic acid, th a t  combines aspecifically
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w ith th e  term inal adenosine residues of am ino acid-free transfer R N A  mole­
cules and  to  neutralize th e ir inhib itory  effect on the  R N A  polym erase. 
Accordingly, we are now a ttem p tin g  to  ascertain  w hether, as predicted  by 
this idea, transfer RNA molecules ex tracted  from am ino acid-starved RCrel 
bacteria  are, in fact, com bined w ith a substance th a t  is n o t th e ir cognate 
am ino acid.

*

I t  should be evident from  th is discussion th a t  none of the m ain hypothes­
es presented here concerning th e  mechanism  of am ino acid control of RNA 
synthesis, plausible as th ey  m ay appear, can as y e t lav claim to  very much 
direct experim ental support. In  th a t  respect, however, they  m ay no t be a t 
a very serious d isadvantage vis a vis some other theories designed to  render 
account of various regulatory  phenom ena. Furtherm ore, these hypotheses 
would seem to  have a t  least the  v irtue  of suggesting fu rth e r experim ents th a t  
should be capable o f testing  th e ir valid ity , experim ents th a t  we are presently  
endeavoring to  carry  out.
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DISCUSSION

Sz y b a l sk i: Do you plan to  propose th is as an a lternative  hypothesis or it 
is an  accessory hypothesis ? I  ask this because there are some experim ents 
which show th a t  the  control m ight be on the  first level of th e  synthesis 
of messenger RNA.
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St e n t : Yes, of course, there are experim ents, those of A ttard i, which show 
th a t  th e  ra te  of messenger synthesis is in  some way connected w ith the  
ra te  of enzyme synthesis. P robably, i t  is necessary to  im agine th a t  the 
rem oval of the  messenger is connected w ith  its reading. W hen th e  m odu­
lating  sRNAs are n o t available, the  messenger cannot be rem oved from 
the  DNA. Therefore, th e  ra te  of messenger synthesis would depend on 
whether, or not, the  pro tein  is made. I  am  prepared to  defend th is hypo­
thesis and to  show you th a t  it  is in fact no more com plicated, th an  the 
assum ptions of Jacob  and  Monod, as for each you can find th e  explanation 
of th e  whole equipm ent. T h a t is, th is hypothesis is only com pleting in 
essence th e  ideas of Jacob  and  Monod. The repressor, which hypothetically  
combines w ith  the  DNA, can be an enzyme, which does a specific d is trac t­
ing action on the  m odulating sRNA. T h a t is abou t th e  equipm ent of the  
repressor. The equipm ent of th e  operator would be a separated  assum p­
tion. The operato r is possibly some piece of DNA for which th e  repressor 
has affinity. And for th a t  we su b stitu te  th e  idea th a t  the  messenger does 
no t come off, th a t  th e  DNA does not le t being read, which, 1 th ink , is no 
worse an  assum ption.

St a h l : D o you  th in k  th e re  are  enough  tr ip le ts  to  th e  m odu la tion?
St e n t : N o , there  are no trip lets, th e  m odulating sRNA has no trip lets.
St a h l : Oh, I  beg your pardon, there are no trip le ts  on the  operon.
St e n t : N o , th e  m odulation m ust no t play on trip lets, b u t m ust p lay  prob­

ably on sextuplets or som ething else. Again, of course, th a t  is also no 
worse an assum ption, because there is the  code of the beginning and  there 
is the  code for the end, and  so forth . We would say th a t the  code o f begin­
ning is in fact a t  the  first series. You have a sequence of six nucleotides a t  
the  beginning, two of which represent the whole equipm ent, followed by 
four which give th e  varie ty  for m odulation.

St a h l : Considering the  polarity  m utation, w hat is the answer for proper 
objection?

St e n t : I  th ink  there is an  answer for proper objection. You would ask now, 
how we explain po larity  m u tan ts? They have, and  1 th in k  th a t  is the 
question, trip lets, probably sextuplets, which would be the  same. You 
have tw o trip le ts  now in the  m iddle o f the  molecule. I f  you m ake a  change 
nex t ju s t in a m ononucleotide, you would change th is to  th e  m odulating 
ty p e  o f sextuplets and  you would now concern the  sRNA a t th is place, 
m aking polypeptide in fac t no t more different b u t probably  by  one amino 
acid, and  so forth. I  would be willing to  s ta te  th a t  the  obvious objection 
can be answered. Theoretically, i t  is no m ore com plicated th an  the  one p ro ­
posed before. I  th ink  i t  has the  advan tage th a t  the repressor so far has 
proved elusive.

W o llm a n : You m ust in troduce then  a  new enzyme.
St e n t : The enzyme is known, b u t w hat is no t known is w hether i t  acts 

specifically on different sRNAs. The enzymes are known, b u t w hat is not 
known is to  w hat ex ten t they  persist, i.e. the  degree of specificity which 
we wish to  a ttr ib u te  to  them . YYre can, however, search for it. We are not 
identifying unknown enzymes. YVe only a ttr ib u te  allosteric control to 
them .

Sz y b a l sk i: I t  is very nice, however, now to  test, because you could look for 
these enzymes in tem peratu re  sensitive m utan ts. Because, if you have
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tem peratu re  sensitive enzymes you should have to  look for tem peratu re  
sensitive nuclease, you should have substra te  to  work with.

St e n t : I  th ink  the  advan tage of th is series is th a t  predictions are possible; 
for instance, one can pred ic t th a t  there m ust be several I  loci, i.e. more 
th an  one locus, which control the  so-called repressor-system , because one 
w ithin them  corresponds to  the  synthesis of the  phosphorylase enzyme, 
and there  would be a second which would correspond to  the  synthesis o f 
m odulating sRNA. There would be th en  tw o /  loci, bo th  of which were 
trans, and  one would be dom inant and one would be recessive.

Cl o w e s : I t  should perhaps also be pointed out th a t  the  genetic evidence 
presented for a specific operator region, is now less specific w ith  th e  find­
ing o f polarity  m utan ts, of which th e  0° m u tan ts  are presum ed to  be a 
type occurring w ithin the  leading locus, and  o f constitu tive m utan ts, 
which are now found in m any p arts  of th e  complex locus (operon) and 
are n o t restric ted  to  0° m utan ts.

St e n t : T h a t is right. O f course, in an  0° m u tan t there is one which is now 
dom inant constitu tive, which will m ake the  enzyme in the  absence of the  
inducer; one in which th e  m utation  takes place, which calls now for 
m ethionin, and  one is its  non-m odulating represen ta tion  in  ord inary  m u­
tan ts , for which th e  m ethionin is available, w hether th e  inducer is present 
or not. This is an 0° m u tan t. In  0° m u tan t there  is one, which would be 
e ither nonsense or would call for m ethionin in molecular representation, 
which exists as a s tim ulato r in the  system . Concerning its function it  
should be an  operato r m utation . The operator, however, m ust first be 
dem onstrated  and no t played w ith philosophically.
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R E C O M B I N A T I O N  I N  B A C T E R I O P H A G E  T4.  
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By

F r a n k l in  W. Stahl

DEPARTMENT OF BIOLOGY AND INSTITUTE OF MOLECULAR BIOLOGY, 
UNIVERSITY OF OREGON, EUGENE, OREGON, U. S. A.

IN T R O D U C T IO N

The phenom ena of bacterial transform ation and of bacteriophage recom ­
bination  have an in teresting aspect in common; bo th  phenom ena im ply an 
in teraction  between DNA molecules leading to  the  form ation of genetically 
recom binant molecules. In  th is lecture I  shall describe recent ideas and 
experim ents in  the  genetic analysis of the  recom bination process in th e  coli- 
phage T 4 .1  shall leave it  to  th is audience of transform ers to  judge the degree 
of applicability  to  their own work of w hat will lie described here. The recent, 
unpublished experim ents which I  shall describe are prim arily  from  the  lab ­
ora to ry  o f George Streisinger a t Eugene; a few are from  m y own lab. These 
experim ents will be displayed in a  theoretical fram ework proposed serni- 
publically several years ago by Streisinger. L e t us tu rn  now to  a review of 
those experim ents in phage genetics which have led Streisinger to  his p ro ­
posal .

E A R L Y  O BSER V A TIO N S ON H E T E R O Z Y G O SIS  (1 9 5 1 -1 9 6 0 )

I f  a bacterium  is infected by two hered itary  types of phage, say T4r 
and  T 4r+, th e  cell will produce both  types of particles. A bout 1% of the  
particles produced are ex traord inary . Upon replication these ex traord inary  
particles produce offspring of bo th  r and  r+ genotype and, in addition, an 
occasional ex trao rd inary  particle. Such particles were term ed ‘phage h ete­
rozygotes’ (h e t s ) by H ershey and  Chase (1951). They dem onstrated  th a t  
any  one of m any loci in the  T-even phages can become heterozygous as a 
resu lt of genetically m ixed infection; as a rule, however, a partic le hetero ­
zygous a t  one locus is also heterozygous a t  a second only if the  second locus 
is closely linked to  th e  first. I t  appears as if  regions of heterozygosity are not 
only hereditarily  unstable b u t are also ra th e r short and th a t the  num ber 
per phage partic le is no t very  m uch g reater th an  one. This view point suggest­
ed tw o simple formal models for a  h e t . Model I  is the  sort of th ing  which a 
b lackboard  geneticist would draw  if a fragm ent of DNA were m atu red  along 
w ith  a whole phage chromosome chosen ‘w illy-nilly’ from  th e  vegetative 
pool. (For the  instance o f heterozygosity for an r m arker see Model I.)

In  Model I I  we suppose th a t  heterozygosity results when large p arts  of 
chromosomes derived from two different individuals are com bined into one 
m ature particle. The models were distinguished by  Levinthal (1954) from the 
results of a th ree-factor cross of th e  ty p e  (Model HI).
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The rjr+ h b t s  resulting from the  m ixed infection were observed to  be p re­
dom inantly  of genotypes Ab and  aB  arguing th a t  a correct formal represen­
ta tio n  for m ost, if no t all, h e t s  is given by Model II .

W hen L evin thal presented th e  results of his crosses he suggested two 
molecular models which m ight correspond to  the  formal Model II. B oth of 
these models represented m inor modifications of the  then-recently-announc­
ed W atson-Crick s tru c tu ra l model for DNA. In  molecular HET-model A (see 
Model IV) heterozygosity is supposed to  arise as a resu lt of a region (or 
regions) o f local ‘dip loidy’ whose position is variable on the  chromosome. 
An r/r+ h e t  chromosome would ‘look like’ Model IV, i.e., two DNA molecules 
derived from genetically different phages are m atured  into the  same particle. 
F o r reasons which will become clear later, we shall no t inquire now into th e  
n a tu re  o f the  forces which un ite  the  tw o molecules to  form a  single chrom o­
some.
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In  m olecular HET-model B (see Model V), a heterozygous chromosome has 
no region of s tru c tu ra l redundancy, and  its  only genetic redundancy is th a t  
im plied by the  duplicity  of the  W atson and  Crick DNA model. (The p arts  
of the  molecule derived from  different paren ta l phage chromosomes are differ­
en tly  shaded.)

O ther m olecular models for h e t s  have been proposed, b u t the  tw o describ­
ed above are ou tstand ing  w ith  respect to  bo th  p rio rity  and  sim plicity. In  
addition, th ey  are sufficiently d istinc t from  each o ther to  encourage experi­
m ents designed to  choose between them . E xperim ents by D oerm ann and  
his collaborators (1960) succeeded in detecting h e t s  which have a behavior 
which m ight well be expected of those w ith  a s tru c tu re  like Model A. H ow ­
ever, those same experim ents dem onstrated  h e t s  which behave as one would 
expect of those w ith a  s tru c tu re  like Model B. The essence of D oerm ann’s 
observation is the  following. Two phage stocks differing by 6 or 8 closely 
linked m arkers were crossed and  the  m ultifactor h e t s  resulting were exam in­
ed for th e  frequencies w ith  which each of the  m arkers appeared am ong the  
progeny of the  h e t . Some of the  h e t s  gave rise to  populations containing 
approxim ately  equal num bers of each of the  m arkers. Since DNA duplicates 
sem i-conservativelv, h e t s  w ith th e  s tru c tu re  of Model B should segregate 
in th a t  fashion. O thers of the  h e t s , however, showed strikingly different 
segregation pa tterns. F o r one of the  outerm ost heterozygous loci, th e  fre ­
quencies of the  two alleles am ong th e  offspring were usually grossly unequal. 
For the  outerm ost one a t  the  o ther end of th e  m arked sequence of loci a 
sim ilar inequality  was often  seen. However, in th is case the  allele in excess 
was derived from  the  p aren t which was poorly represented a t  th e  first h e te ­
rozygous locus. Loci in betw een gave inequalities of in term ediate  m agnitude 
w ith  values varying m onotonically from  one end to  the  other. Such segrega­
tion  behavior argues for th e  presence o f s tru c tu ra l singularities disposed 
trans to  each other a t  each end of the  heterozygous region. Model A has 
exactly  th a t  s tru c tu ra l feature.

A t th e  sam e Phage M eeting (Cold Spring H arbor, 1960) a t  which Doer­
m ann’s associates presented genetic evidence for the  existence of phage 
chromosomes w ith  structu res like th a t  of Model A, Berns and Thom as (1961) 
presented physical evidence for their non-existence. They testified th a t  their 
studies of whole T4 chromosomes showed a reduction in m olecular weight 
by ju st a factor of tw o upon s tran d  separation brought abou t by heating  
th e  DNA in form aldehyde. I f  th e ir chromosome population contained m any 
individuals w ith structu res like th a t  of Model A, the  reduction in molecular 
weight could reasonably be expected to  be g reater th an  twofold. A t th is 
po in t Streisinger presented his model as a possible solution to  th is  app aren t 
paradox.

S T R E IS IN G E R ’S M O D EL

(a) Genetic circularity. Streisinger suggested th a t  th e  ap p a ren t conflict 
between genetic and  physical d a ta  regarding th e  existence of M odel-A like 
structu res was resolved if one pictured a phage chromosome like Model VI. 
Since Model A h e t  structu res can (presum ably) occur a t any  genetic locus, 
we are led to  the  following picture o f th e  chromosomes of a (m ature) phage 
population. The genetic sequences from one chromosome to  ano ther are
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M odel V I

abc... zab

fgb ■■■ zabcdefg

M odel V II

M odel IX

circular perm utations of each other. E ach  chromosome has a term inal repe­
titio n  of its  in itia l loci (an exam ple is given in Model VII). The m ost obvious 
prediction of Model V II was tested  p rom ptly  (Streisinger e t al. 1961); upon 
close scrutiny th e  linkage m ap of T4 was indeed found to  be c irc u la r!

(b) The. mode of origin of h e t s . Em boldened by  th e  in itial success of the 
model, Streisinger resolutely exam ined its logical consequences. A ‘m ating’
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M odel X

Model X I

2 ^

.Model X I I

between two chromosomes which are circular perm uta tions of each other 
m ay be p ictu red  (on th e  blackboard) like Model VTTT Crossing-over in the  
synapsed region can lead to  th e  form ations in Model IX . W hatever the  
precise steps in the crossover process m ay be, th e  crossover product arises as 
if  the  tw o paren ta l molecules were each cu t on th e  bias and  their p a rts  
rejoined (cf. Model X), giving rise to  products shown in Model X I. I f  the 
two mating chromosomes are genetically distinct in  the synapsed region, then 
the recombinant products m ay be h e t s  of Type B.

As is im plied by th e  diagram  of a ‘m ating’ above, re ite ra ted  m atings 
lead to  the  form ation of g ian t ‘chromosom es’ in which the  T4 genome is 
serially repeated. A t some stage T4-sized lengths of DNA are rem oved from 
th e  g ian t polymers. I t  seems m ost reasonable th a t  th is step  should occur 
hand-in-hand w ith  phage m aturation . A t m atura tion , then, and  perhaps
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M odel X IV

abode ABODE \

M odel X V

abcde_______________________  ABCOE \

^  ^

^  abode ABCDE
Model X V I

Qbcde________________________ ABCOe_____________ ________________ ABCDE

v ■
'  Abcde

M odel X V II+ r
____________________________ ______________________________^

+ +
Model X V III

before, chromosomes w ith new perm utations are created. A  matured chrom­
osome may he a h e t  of Type A  if  it is cut from the polymer such that it is 
redundant for a marked locus.

(c) Segregation from  h e t s . Polarized segregation from  Type A h e t s  was 
originally explained by D oerm ann and his collaborators in term s of an 
‘in terna l copy-choice' scheme. The scheme is m ost conveniently presented 
by m eans of a diagram , which shows th a t  a Type A stru c tu re  (Model X U ) 
duplicates from one end (Model X H I). The newly forming chains ‘sw itch’ 
in the  redundan t region, typically  before reaching the  end of th e  partia l 
chromosome upon which they  started . The tw o chains need no t switch a t 
exactly  the  same place (Model XIV). U pon completion of th e  duplication 
act, the  chains segregate conservatively so th a t  the  two daughters are the

136



original Type A h e t  stru c tu re  and  an all-new chromosome, w ithout chain 
in terrup tions, which m ay be a h e t  of Type B. Subsequent duplication acts 
of the  Type A h e t  proceed in the  same fashion except th a t  th e  poin ts of 
sw itching are variable from  one ac t to  another.

This scheme explains the  polarized segregation from  T ype A h e t s  and  the 
observation (Doerm ann and  collaborators 1961) th a t T ype B h e t s  arise 
ra th e r frequently  in cells infected by Type A h e t s . W hile it  provides an 
apparen tly  simple explanation for the  behavior of Type A h e t s , th e  scheme 
does have tw o obviously unpleasant features. (1) I t  proposes a copy-choice 
mechanism  o f recom bination a t  a tim e when o ther experim ents, more c riti­
cally addressed to  mechanism, clearly indicate break-reunion (Meselson and 
Weigle 1961). (2) I t  proposes a conservative mode of DNA duplication 
although there is no evidence th a t  TINA duplication ever proceeds in o ther 
th a n  a sem i-conservative fashion (Meselson and  Weigle 1961, Kozinski and 
Kozinski 1963).

In  S treisinger’s model, polarized segregation from T ype A h e t s  results 
from  ‘head-to -tail’ m atings between daugh ter particles. F or instance, a 
m ulti-factor h e t  (Model XV) duplicates, then  synapses like in Model XVI. 
Crossing-over in the  synapsed region leads to  plus fragm ents as shown, 
for instance, in Model XVII. D uplication of th is dim er m ay be followed by 
a  second head-to-tail m ating, etc. The points o f crossing-over in these add i­
tional rounds will no t generally be a t  precisely th e  sam e places as those in 
the  first. Polarized segregation will be the  result. Two other features o f inces­
tuous head-to-tail m atings m ay be no ted  here. (1) Type B h e t s  arise from  
Type A h e t s  by th e  sam e cross-over mechanism  w ith which th ey  form in 
‘o rd inary ’ m atings. (2) Since polym ers are formed, i t  is possible th a t  m onom ers 
w ith  new perm utations arise in singly infected cells. (We m ay add  th a t  
crossing-over between th e  head and  th e  ta il of a single chromosome would 
give rise to  a  topologically circular chromosome.) Such events m ay happen 
(it is difficult to  see w ha t m ight p reven t them , b u t they  are no t a feature of 
th e  model in its  p resent form. A t th is po int we m ust m ake a short aside to  
in troduce th e  genetic m aterial which has been used to  te s t predictions of 
S treisinger’s model.

PO IN T -M U T A N T  H E T S  A N D  D E L E T IO N  H E T S

M utants in the  r l l  region o fT 4  can be assigned to  either of tw o categories 
having the  properties according to  Table I.

N om ura and  Benzer (1961) determ ined the frequency of h e t s  from  crosses 
o f po in t m u tan ts  by  wild ty p e  and  deletions by wild type. Crosses o f the 
first ty p e  all gave 1.4% m ottled  plaques h e t s , while crosses of the  second 
ty p e  gave 0.4%  h e t s . This la tte r  value was independent of th e  ex ten t of 
th e  region deleted  in th e  m u tan t employed. On the  basis of th is  observation 
N om ura and  Benzer proposed the  existence of tw o classes of HET-struc- 
tures. One class which occurs w ith a frequency o f 2%* can be heterozygous 
for a wild ty p e  and  a po in t m utation  b u t no t for a deletion and  wild type.

* A t genetic  equilib rium , th e  frequency  o f  h e t  s tru c tu re s  is tw ice th e  frequency  o f  
h e t s  them selves, i.e. hom ozygous h e t  s tru c tu re s  a rc  im plied  b u t  u n d e tec ted .
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TABLE I

Category P oin t-m u tan ts D eletions

D efinitive
p ropertie s

f reversion  ra te  ^  I0~8 
l  m ap  a t  a  p o in t

No d e tec tab le  reversion 
F a il to  recom bine w ith  each o f tw o 
or m ore m u ta n ts  w hich a re  recom - 
b inab le  w ith  each o th e r

B oth  categories o f m utan ts, on the  o ther hand, can form h e t s  (w ith wild 
type) having structu res of th e  second class, which occurs w ith a frequency 
o f 0.8% . I t  occurred to  Streisinger th a t  these tw o classes of h e t  structu res 
m ight correspond to  Type B and Type A structures. The nucleotide 
sequences of a wild ty p e  and  a po in t m u tan t differ by only one base 
pair. The construction of a T ype B h e t  from two such chains represents a 
m inim al, and  likely tolerable, violation of the  base-pairing rules of W atson 
and  Crick. The construction of such a ‘heteroduplex’ h e t  from  wild ty p e  
and  a deletion m u tan t, however, m ay well represent a violation intolerable 
to  all concerned. On the  o ther hand, there seems to  be no reason why both  
categories of m u tan ts  should no t equally well form h e t s  of Type A (‘te rm i­
nal redundancy  h e t s ’ ).

E X P E R IM E N T A L  TESTS O F S T R E IS IN G E R ’S E X P L A N A T IO N  O F H E T S

H ershey and  Chase (1951) an d  L ev in thal and  V isconti (1953) reported  
th a t  th e  frequency of h e t s  am ong phages m aturing  a t different tim es is 
essentially constan t. Sechaud e t al. (1962) have observed th a t  th is  s ta tem en t 
is tru e  separately  for each of the  tw o classes of h e t s , i.e., deletion h e t s  
have a constan t frequency of 0.4% , while p o in t-m u tan t h e t s  occur w ith  a 
frequency of 1.4% independent of th e  tim e a fte r infection a t  which m ature 
phages are exam ined. Since a t  the  tim e of infection neither ty p e  of h e t  
exists (although h e t  structures ex ist in  a homozygous state), th e  values 
observed am ong particles sam pled from  th e  m ating pool m ay be assum ed to  
resu lt from equilibria betw een reactions th a t  form and  reactions th a t  de­
stroy  h e t s . L et u s  exam ine those reactions which, in S treisinger’s model, 
determ ine th e  equilibrium  values of Type A and  B h e t s . The fre­
quency of Type A h e t s  will reach equilibrium  when sufficient recom bina­
tion  has ensued th a t  any chromosom e-polymer is essentially random ized 
w ith respect to  th e  allele presen t a t each represen tation  of th e  m arked locus. 
Two represen ta tives of a given locus are ‘m axim ally unliked’, and  th e  num ­
ber of m atings a t  the  tim e when m atu re  phages first appear is several (Vis­
conti and  D elbrück 1953).Thus, the  observed value of 0.4%  equals % tim es 
th e  p robability  th a t  a m atu red  m onom er will be term inally  redundan t for 
th e  m arked locus. The equilibrium  value for T ype B h e t s  will depend 
upon th e  ra te  a t  which th ey  are form ed as a resu lt of crossing-over in  their 
im m ediate neighborhood and the  ra te  a t  which th ey  are destroyed as a re ­
su lt of (semi-conservative) duplication. Thus, th e  reaction which destroys 
Type A h e t s  (recom bination) is different from  th e  one which destroys 
Type B h e t s  (duplication). A prediction of th is notion is th a t  under condi­
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tions which perm it a norm al ra te  o f genetic recom bination while depressing 
the  ra te  of DNA duplication, the  frequency o f Type B h e t s  should rise while 
th e  frequency of Type A h e t s  will be unaffected. Deletions can be used to  
score th e  frequency of T ype A h e t s ; Type B h e t s  can be studied using point 
m u tan ts  which form predom inantly  (2/3 under norm al conditions) h e t s  of 
th is type.

F louro-deoxyruidine (FU dR ) inhibits DNA synthesis by interfering 
w ith th e  form ation of thym idilic acid. Genetic recom bination in  T4 is no t 
inh ibited  by the  analogue (Simon 1961, F rye, S ister Celeste and  Melechen 
1961). In  com plete agreem ent w ith prediction, Sechaud e t al. (1962) found 
th a t  th ey  could increase th e  frequency of p o in t-m u tan t h e t s  from  1.4% to  
abou t 8%  by  the  trea tm e n t of infected cells w ith  F U dR . This increase p a ra l­
leled th e  increase in  recom binant frequency under the  same conditions. The 
frequency of deletion h e t s , on the  o ther hand, was not changed by  FU dR .

F u rth e r su bstan tia tion  for th e  differing roles of heteroduplex h e t s  and  
term inal redundancy h e t s  in recom bination comes from studies of crosses 
between closely linked r l l  m arkers (Shalitin and  S tahl 1963). W ild-type 
recom binants arising in crosses between r l l  m u tan ts  in  th e  same cistron 
can be selected by  adsorbing the  progeny phage to  E. coli s tra in  K . 
Among those individuals which grow in K th e  ‘pure w ild-type’ partic les 
can be distinguished from the  ‘recom binant h e t s ’ (E dgar 1958) by p la ting  
th e  infected K  cells on stra in  B. R ecom binant h e t s  give m ottled  plaques. 
In  a cross betw een tw o p o in t-m u tan t r s near opposite ends of the  B cistron 
(about 3%  recom bination), 16% of the  w ild-type recom binants were h e t s . 
The value rose to  63%  when th e  cross was perform ed in F U dR . This resu lt 
is in fine accord w ith  th e  notion th a t  th e  p rim ary  p roduct of recom bination 
between close m arkers is usually a recom binant h e t  which looks like Model 
X V III. Segregation of th is  h e t  by duplication to  give ‘pure w ild-tvpe’ p a r ti­
cles is blocked by F U d R . The sam e experim ent perform ed w ith tw o small dele­
tions near opposite ends of the  B cistron gave, as expected, a different 
result. Only 6%  of the  w ild-type recom binants are h e t s , and  th is value 
does n o t change when th e  cross is perform ed in F U dR . The value o f 6% , 
however, struck  us as being im m oderately high; it indicated  a  ra th e r strong 
correlation between crossing-over and  term inal redundancy and im plied 
e ither th a t  ends of T4 chromosomes engaged in crossing-over a t  a  higher ra te  
th a n  did the  o ther regions or th a t  crossing-over determ ined the location of th e  
end. On second though t, the  idea of crossing-over near ends is seen to  be 
consistent w ith  th e  high ra te  of head-to-tail m atings invoked earlier to  
account for polarized segregation o f term inal redundancy  h e t s .

Streisinger’s model proposes th a t  a  ‘m achine’ (m aturation?) which is 
blind to  nucleotide sequence m easures monomers of T4 ou t of th e  in tra ­
cellular chromosome polymers. These m onom ers are of such a size th a t  
any one of them  contains the  com plete T4 genome plus a sm all term inal 
repetition . Particles which are term inally  repetitious for a m arked locus 
can be spo tted  as deletion h e t s . I f  a m atured  m onom er is somewhere gene­
tically  deleted over a  length ab o u t equal to  or larger th an  th a t  o f a 
typ ical term inal redundancy, it  should itself carry  an abnorm ally long re ­
dundancy. O perationally, phages which carry  large deletions in one region 
o f th e ir genome should show a h igher-than-ord inary  frequency o f deletion 
heterozygosis in ano ther region. To perform  an experim ent which tested  th is
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prediction, S treisinger and  his friends apparen tly  needed two regions in 
which deletion m u tan ts  were available. The appropriate  m aterial was p ro ­
vided by th e ir dem onstration th a t  the  h% and  h , alleles behave as if one o f the 
tw o were a  deletion; i.e., the  frequency of h \fh \  h e t s  is low (som ewhat less 
th an  0.5% ) and  th is frequency is no t increased by F U dR . The prediction 
was tested  then  by tw o crosses of th e  ty p e  r-deletion %  X r + h i  (Streisinger 
e t al. 1963). In  one cross th e  r-deletion was very  short, in th e  o ther 
very long. Particles h e t  for h \  and  h \  were exam ined for the  allele carried 
a t  th e  r locus. In  th e  case of the  cross involving the  short r-deletion the 
h%\h\ h e t s  were equally r  or r +. In  th e  case of the  long deletion, however, 
th e  h tjh \  particles were m ore frequently  r  th an  r +.* These results confirmed 
th e  results o f ano ther set of experim ents in which the  frequency of % //%  
h e t s  arising in m ixed infection was com pared w ith  th a t  of another. In  
th e  first case bo th  phages carried the  same short r-deletion, in the  second, 
th e  sam e long r-deletion. The frequency of h t/h £  h e t s  was observed to  be 
higher in th e  second case th an  in the first one.

SUMMARY

Streisinger proposed a model for the T4 chromosome which resolved a p p a r­
en tly  contrad ictory  genetic and  physical evidence. This model, which is 
still being tested  a t  Eugene as well as elsewhere, assumed th a t th e  chrom o­
somes in a m atu re  T4 population were circular perm uta tions of each other 
and  th a t  each was term inally  redundan t. The model successfully predicted  
a circular m ap for T4 and, when elaborated  in th e  m ost obvious m anner, 
successfully pred ic ted  several outrageous properties of phage heterozygotes.

❖

To Professor Streisinger and  his friends, w ithou t whom I  would have had 
no reason to  address th is audience, I  am  bo th  indebted  and  grateful. Support 
from  th e  N ational Science F oundation  (U.S.A.) (Res. G ran t GB-294) helped 
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th is  m anuscript.
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I N D U C T I O N  O F  M U T A T I O N S  
I N  T H E  P H A G E  K A P P A

By

R .  W.  K a p l a n

INSTITUT FÜR MIKROBIOLOGIE, JOHANN WOLFGANG GOETHE UNIVERSITÄT 
FRANKFURT A. M., DEUTSCHE BUNDESREPUBLIK

The tem perate  phage kappa grows on several strains of th e  bacterium  
Serratia . The plaques are tu rb id  and surrounded by violet halos on th e  orange 
red layer of the  indicator strain  H Y . There are th ree m ain groups of p laque 
m u tan ts  which can be easily distinguished and  scored on a p late: (1) clear 
centre (c-type), (2) narrow  halo (e-type), (3) pale or no colour halo (6-type). 
Different o ther m u tan t types are m uch rarer. E ach class of m u tan ts  ce rta in ­
ly  arises by m utation  in several genes. This is shown by the  different degree 
of phenotypic deviation of the  m u tan ts  w ithin one class and  also by crossing 
experim ents.

The phage is exceptional in so far as it  can m u ta te  by uv- or x-irrad iation  
of the  free particles w ithout irrad ia tion  of th e  host cells, u v  does no t produce 
perfect m utations in the  ex tracellu lar partic les b u t first some k ind  of pre- 
m utational lesions occur. They can be partia lly  reverted  by the  post-irrad ia­
tion  conditions. H ea t or visible light on the  uv-irrad ia ted  free phage d e­
creases the  frequency o f m utations. F u rth e r on, if  ano ther ind icator strain , 
C N , is used for p lating  th e  uv -irrad ia ted  phage, no m utations are observed. 
Nevertheless, m u tan t strains of th e  phage show the  m u tan t plaque ty p e  also 
on th is strain . So we conclude th a t  stra in  CN  has, in con tra ry  to  strain  
H Y , a strong in tracellu lar ap p ara tu s  for destroying uv-induced p e rm u ta ­
tions.

The easy scoring of 4 different classes of m utations allowed to  stu d y  the  
m utation  spectrum  in dependence on th e  m utagenic agent, and so to  d is­
tinguish  differences in m u tation  m echanisms. The m utation  spectrum  is the  
relative frequency o f th e  4 types of plaque m utations (c, e, 6 and  rare types) 
produced by a m utagen. Since each class represents th e  m utations in  several 
genes, th e  differences in the  type spectrum  reflects differences in the  sensi­
tiv ity  o f these gene groups to  the  m utagens. Very probably, these differences 
are due to  differences in th e  average chemical com position of the  DNA of the  
3 or 4 gene groups, if  the  m utagen is applied to  the ex tracellu lar phage. 
One can assum e th a t  h o t spots of m utab ility  m ay vary  between th e  gene 
groups and  th a t  a given ho t spot owes its high m utab ility  no t to  one o f th e  4 
DNA-bases alone b u t to  a  special group of bases, e.g. duplets or trip lets.

We applied several m utagens to  th e  ex tracellu lar phage: uv , x -rays (in 
bro th), H 20 2, n itrite , hydroxylam ine, t e m , e m s , hea t (45°C a t  p n 4.6). 
T he spectrum  of the  spontaneous m utations was also obtained. Special ex ­
perim ents exluded th e  contribu tion  of a  selection of spontaneous m u tan ts  
to  th e  induced m utation  spec tra  obtained. The m ain results are the  follow­
ing. (1) u v  and  x -rays give very  different spectra, u v  preferentially  c-m uta-
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tions and  only l/i of o ther types, x -rays give no t very different am ounts o f 
c, e and  b. So u v  has a high electiv ity  for c-genes. (2) H ydrogen peroxida 
produced nearly  only c-m utations. So x -rav  m utations cannot be due m ainly 
to  H ,0„ which is produced by  x-rays from  w ater decom position. The m u ta ­
genic effect of H 20 2 is more sim ilar to  th a t  of u v ; b u t the  relative killing 
effect of H.,Oo is m uch g reater th an  th a t  o f uv, so u v  does no t ac t mainly

ju- N/N0 = 0.96... 2.0-10
F i g . 1. — Extracellular induced mutation spectra of the 

phage kappa  ( a f t e r  H .  Beckmann and W. Rüger)

by the  production of H 20 2 from w ater (Fig. 1). (3) All m utagens used gave 
significantly different m u ta tion  spectra, th e ir m u ta tion  m echanisms m ust be 
different. EMS a n d  h ea t on ly  produced th e  sam e spectra , an d  b o th  ag en ts  
have abou t th e  sam e relative killing power. This sim ilarity  indicates the  
same m utation  mechanism. This mechanism  m ay be preferential rem oving 
the  guanine from  DNA, perhaps, a t  th e  sam e ho t spots (Fig. 2). (4) The 
spontaneous m utations are m ostly only c-m utations. This m ay indicate a 
ra th e r special m echanism  for production of spontaneous m utations, n o t a 
m ixture of different ones. I t  is probably  no t th e  therm ic v ibration  in DNA, 
since the  hea t spectrum  contains only very  few c-m utations and  m uch more 
o ther types.
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R ecently  we have tried  to  induce m utations in vegetative phage by ex ­
cess adenine and o ther DNA-bases and nucleotides, b u t w ithou t success. 
U n n a tu ra l purines, as 5-am inopurine and coffein, did  n o t give an  increase in 
m utation  yield, despite th e ir grow th inh ib itory  effect. So we found no ind i­
cation th a t  spontaneous m utations in our phage are due to  excess DNA- 
bases in norm al metabolism . I t  would certainly be in teresting  to  find a m eta ­
bolic or o ther norm al in tracellu lar factor which gives th e  sam e m utation  
spectrum  as spontaneous m utations do.

fu=N/N0 =  1.2. . .  2.0-10~3 (without spontaneous)
F i g . 2. — Kxtracellular induced mutation spectra of the 

phage kappa  (after H. Beckmann)

The following m em bers of the  In s titu te  of Microbiology of F ran k fu rt a. 
M. cooperated in the  work reported: Helga Beckmann, W. Rüger, H. 
Steiger and U. W inkler.

I ilSCUSSTOX

S t a h l : I s  p r o f l a v i n e  m u t a g e n i c  i n  y o u r  p h a g e  s y s t e m ?
K a p l a n : I n v e s t i g a t i o n s  a r e  p l a n n e d ;  p e r h a p s ,  t h e r e  w i l l  b e  s o m e  r e s u l t s  

w h e n  I  a m  b a c k .

10 Symp. Biol. Hung. 6 145
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The m orphogenetic processes underlying bacterial sporulation undoubted ly  
resu lt from  biochemical reactions, controlled by th e  genetic m aterial of the 
cell. They will therefore be best analyzed by a  com bination of cytological, 
physiological, biochemical and genetic studies carried ou t concurrently  on 
a sporogenous (*Sp+) wild type stra in  and  its  sporulation m u tan ts  (Schaeffer 
and Ionesco I960). These m u tan ts  have been known for a long tim e (Roux 
1890, E isenberg 1912) b u t the  system atic com parison of th e ir properties 
w ith those of the  wild ty p e  began only recently (Schaeffer and  Ionesco 1960, 
R y te r et al. 1961, Szulm ajster and Schaeffer 1961, A ubert and  M illet 1961, 
A ubert et al .  1961, Schaeffer e t al. 1963, A ubert and  Millet 1963). S tudy  of 
genetic transfer so far can only be carried ou t w ith those strains of bacilli 
which, like th e  M arburg strain  of B. subtilis, can be transform ed (Spizizen 
1958, 1959, Schaeffer and  Ionesco 1959, M arm ur e t al. 1963), or transduced 
(Thorne 1962, T akahashi 1961).

Several reviews on sporulation have recently  appeared (Foster 1958, 
Murrel 1961, H alvorson 1962); in th is article, only those facts are brought 
together which seem meaningful in our a ttem p t to  identify  th e  regulation 
m echanisms controlling the  sporulation process.

MORPHOLOGICAL STUDIES

As m any as six in term ediary  stages can be recognized cytologically d u r­
ing th e  process of sporulation (Young and  F itz -Jam es 1959, R y te r e t al. 
1961, Schaeffer e t al. 1963), each of which is found to  predom inate in the 
population a t  a well-defined tim e a fte r th e  end o f exponential growth. 
Sporulation m u tan ts  are found which, w hether 8p~  or Osp (see below), 
m ay be blocked a t any morphological stage (R y ter e t al. 1961, Schaeffer 
e t al. 1963).

GENETIC STUDIES

Because of their lesser opacity, m u tan t colonies w ith  an  im paired sporu­
lation  can easily be recognized, even in species w ith  non-pigm ented spores. 
A m ethod has been described th a t  selects a t  least those m u tan t forms which 
are blocked early  in th e  process (Schaeffer e t al. 1963). U pon fu rth e r testing, 
th e  sporulation m u tan ts  can be subdivided into: (1) those which will never 
sporulate, under any  cu ltura l conditions, except of course when an exception­
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al reverse m utation  has taken  place and  (2) those which under ‘op tim a l’ 
s tan d ard  conditions, will sporulate w ith  a  low frequency. The first category 
is called asporogenous (Sp~), the  second is oligosporogenous (Osp) (Schaeffer 
and  Ionesco 1960). The low probability  of an  Osp m u tan t to  sporulate under 
s tan d ard  conditions is a stable, inbuilt property  of the  strain , b u t it will vary  
w ith  th e  cu ltura l conditions (A ubert and  Millet 1961). Some Osp m u tan ts  
a t  least obviously have all the  specific inform ation required to  sporulate 
bu t, some regulatory  m echanism being presum ably disturbed, th is  infor­
m ation becomes only exceptionally expressed.

N orm al sporulation can be restored, bo th  in Sp~ and  in  Osp m utan ts, 
by transfo rm ation  (Schaeffer and  Ionesco 1960) or by transduction  (Taka- 
hashi 1963). The transform ation  frequencies to  th e  S p+ condition usually 
are of th e  sam e order of m agnitude as for the  transform ations involving a 
nu tritiona l character. Lastly, the  restoration  of th e  ab ility  to  sporulate 
occurs, as a rule, w ith the  same frequency, w hether the  transform ing DNA 
is ex trac ted  from  the  wild ty p e  or from ano ther sporulation m utan t. The 
com bined results lead to  the conclusion th a t  the  genes are m any (several 
tens a t  least), a t  which a m utation  can affect sporulation (Schaeffer and 
Ionesco 1960, Schaeffer e t al. 1963). T ransduction  studies are in agreem ent 
w ith th is conclusion (Takahashi 1963).

A m ethod is now available perm itting  chromosom al m apping from  tra n s ­
form ation data , and  a still rud im en tary  m ap of B. subtilis has been built, 
using the  m ethod of Yoshikawa and Sueoka (1963). I t  would be in teresting 
to  know th e  location of the  sporulation genes on th is map.

1’H YSIO LOGICAL STUDIES

S T U D I E S  W I T H  W I L D  T Y P E  B A C I L L I

(a) Sporulation en masse.— Conventionally, sporulation is studied in 
starved  cultures, where it  proceeds in th e  m ajority  of the cells. M orpholog­
ical and  biochemical studies are best perform ed on such (more or less) syn­
chronously sporulating populations. Carbon starva tion  and  nitrogen s ta r ­
vation  can bo th  be used to  induce the  sporulation process (Grelet 1951). 
The com plexity o f th is process is well illu stra ted  by  the  fact th a t  it requires 
some 14 generation tim es for its com pletion.

W hen bacteria  sporulate in th e ir exhausted  grow th medium, the  sporu­
lation m edium  can no longer be considered chemically defined. The proce­
dure consisting in suspending washed growing cells in a defined medium not 
supporting  grow th has therefore much in its favor (H ardw ick and  F oster 
1952). We have recently perform ed a num ber of experim ents of this type, 
w ith cultures of B. subtilis (M arburg strain) growing in bro th ; re-suspension 
of th e  w ashed cells in a nitrogen-free, m ineral base-m edium  leads to  ex ten ­
sive lysis. The resu lt rem ains the  same in the presence of am m onium  salts; 
b u t when glucose is added to  the base, lysis does no t occur and the  culture 
sporulates. Some th irteen  hours are required  for the  form ation of hea t-re ­
sis tan t spores under those conditions. W hen both  glucose and  am m onium  
salts are added to  the  base, grow th resumes (after a lag of several hours) in 
th e  re-suspended culture, which eventually  sporulates a fte r grow th has 
stopped; b u t 13 hours a fte r transfer, no resistan t spores are present. Since
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both  induction of lysis by carbon sta rv a tio n  (Monod 1942) and  sporulation in 
a  nitrogen-lim ited cu lture (Grelet 1951) are well-known phenom ena, nothing 
really  new was learned from these experim ents. They do show, however, 
th a t  (1) sporulation is no t induced in the  sim ultaneous presence o f u tilizable 
carbon and  nitrogen sources, even during the  long lag th a t  follows transfer 
of actively growing cells from a rich to  a m inim al medium  (K jeldgaard  e t 
al. 1958), (2) in B. subtilis a t  least (in con trast w ith the  results observed 
w ith  B. mycoides by Hardw ick and  Foster 1952), sporulation is not inhib­
ited by glucose alone, in the absence of nitrogen. F ar from  being inhibitor}', 
glucose is actually  required for sporulation only because i t  p revents the 
occurrence of cell lysis.

(b) Sporulation during growth. -N o heat resistan t spores are found in a 
culture growing rapidly  in  a rich m edium . This is no longer true , however, 
when grow th occurs in m inim al medium : spores are constan tly  being formed 
and  th e ir num ber increases in parallel w ith the  viable count (A ubert e t al. 
1961a). A nother im p o rtan t observation was m ade by  the  sam e au thors w ith 
cultures of B. megalerium  grown in th e  chem ostat. A m ineral medium  was 
used, w ith  glucose as th e  ra te-lim iting factor. The grow th ra te  could only 
be lowered from  0.7 down to  0.5 divisions per hour, since m ass-sporulation 
was induced (and the  chem ostat was washed out), when the  flow ra te  was 
lowered further. R ates as low as 0.2 divisions per hour could be m aintained 
for several days, however, when a sporulation m u tan t was used instead 
(A ubert and Millet 1961).

In  unpublished experim ents w ith B. subtilis, bo th  hea t resistan t spores 
and  to ta l viable cells have been counted during exponential grow th in v ari­
ous defined media. W ith  N H 4C1, th e  nitrogen source, present in excess, the 
value of g (the ra tio  of these tw o counts) was found to  decrease regularly  
from  5 X 10-4 to  2 X 10~7, as the  glucose concentration was raised from  
0.3 to  50 gram s per liter (these changes in glucose concentration do not 
affect the  grow th rate). A sim ilar concentration dependence was observed 
w ith  either glycerol or c itra te  as the  carbon source; b u t glycerol was m uch 
less inh ib itory  to  spore form ation th a n  glucose, and  c itra te  m uch less so 
th a n  glycerol. W ith a  su b stra te  concentration of 2 gram s per liter, the  values 
of p, the  sporu lated  fraction, were 1.4 x  10~4, 1.7 X 10-3 an d  2.0 x  10~2 
on the  th ree  substrates, while the  corresponding grow th ra tes were 0.90, 
0.75 and  0.20 divisions per hour. In  the  sam e m ineral-glucose m edium , 
b u t w ith histidine as th e  only nitrogen source, th e  grow th ra te  was 0.4 
divisions per hour, and  the  value of g was 7.7 X 10“ 2.

S T U D I E S  W I T H  S P O R U L A T I O N  M U T A N T S

As a rule, no auxo trophy  is found associated w ith  the  m u tan t condition. 
In  bo th  m inim al and com plete media, the  m u tan ts , w hether S p  or Osp, 
generally show the sam e ra te  of grow th and  the  same yield as th e  S p + 
s tra in  from  which th ey  were derived. In  o ther words, they start behaving as 
mutants only when growth stops, or at least slows down-, recognition of the 
existence of such genes m ay be of im portance also in the stu d y  of differen­
tia tion  in eucaryotic colls.

Since sporulation so far could be restored in th e  m u tan ts  neither by  svn- 
tro p h y  w ith  th e  wild type, nor by supplem entation of the  cultures w ith



various ex tracts  (Schaeffer e t al. 1963), a tten tio n  was focussed on those bac­
teria l products which are known to  appear only a fte r the end of growth. 
An antib iotic , detected  routinely on staphylococcus, was found to  be p ro ­
duced by  th e  M arburg strain , which is therefore S p + A b+, b u t n o t by some 
o f its sporulation m utan ts. W hen various Sp~ Ab~ m u tan ts  were exposed 
to  wild ty p e  DNA, allowed to  sporulate and  challenged by hea t trea tm en t, 
all the  selected S p + transfo rm ants (several thousands of them ) were found 
to  be also A b+. F rom  th is  and o ther results it was concluded th a t  the  p ro ­
duction of the  an tib io tic in  question was due to  a sporulation-specific reac­
tion (Balassa e t al. 1963, Schaeffer e t al. 1963). I t  is in teresting  to  speculate 
a t  th is tim e on the  physiological function of th is antib io tic production. 
Fdein, an an tib io tic produced by B. brevis (K urylo-B orovska 1962) inhibits 
electively DNA synthesis (its production has adm itted ly  not been shown 
to be necessarily associated w ith sporulation). On the o ther hand, sporulation 
is known to  proceed in th e  absence of DNA synthesis (Young and  F itz -Jam es 
1959, Szulm ajster and  Canfield 1963), while R N A  is tu rn in g  over (Young 
and F itz-Jam es 1959, S potts and  Szulm ajster 1962, Del Valle and Aronson 
1962, Szulm ajster and  Canfield 1963, B alassa 1963a,b). I t  would seem to  be 
a  clever th ing  to  do for a sporulating bacillus to  produce an  an tib io tic th a t  
would block DNA synthesis electively; m any o ther in terp re ta tions of the 
scan ty  inform ation available are of course possible (see Bernlohr and  Novelli 
I960)'.

SUMMARY

The facts reported  in th is article, together w ith the  curren t notions on 
th e  repression of enzym e synthesis (Jacob and  Monod 1961, M agasanik 
1961) seem to  m ake the  following p ictu re of the  sporulation process a 
reasonable working hypothesis. Sporulation results from a long chain of 
largely unidentified specific biochemical reactions. A lthough, like all 
genes, th e  sporulation genes controlling these reactions are present a t  all 
tim es, th e  chain is n o t s ta rted , and  is therefore believed to  be repressed, 
under conditions where rap id  growth is possible. The chain can also be block­
ed a t  anyone o f its  steps by  m utation.

C atabolites seem to  be responsible for the  repression o f th e  initial trigger­
ing o f the  chain. All the  essential features of th e  repression by catabolites 
(M agasanik 1961) can be observed when sporulation, ra th e r th an  synthesis 
o f a given enzyme, is studied: repression requires th a t  bo th  carbon and n i­
trogen sources be actively m etabolized; th e  relative efficiency w ith  which 
catabolites endowed w ith repressive ac tiv ity  are formed from th e  various 
carbon and  nitrogen sources are th e  same (glucose >  glycerol >  c itra te ; 
NHJ" >  histidine), w hether enzyme synthesis or sporulation is being con­
sidered. The inverse correlation observed between the  probability  of a  cell 
to  sporulate and  th e  ra te  o f its  grow th and m ultip lication is to  be expected 
if  th e  tw o are inverse functions o f one and th e  sam e variable, th e  in tracel­
lu lar concentration of some nitrogen containing catabolite(s).

W hen sporulation is repressed during growth, its specific products do n o t 
seem to  be formed a t  all; th is is certain ly  tru e  of dipicolinic acid (biblio­
graphy  in Halvorson 1962) and  of N -succinyl-glutam ic acid (A ubert e t al. 
1961b), of which no trace  is p resent in rapidly  growing bacteria; it seems also



to  be tru e  of th e  sporulation an tib io tic m entioned earlier. The whole chain 
therefore seems to  be repressed, n o t only its in itia l steps, and  th e  question 
m ust be raised w hether the  sporulation genome constitu tes one single 
operon. The absence of genetic linkage between th e  sporulation genes inves­
tiga ted  by transform ation  speaks against th is  possibility; i t  seems ra th e r to  
suggest the  existence of several operons, sca tte red  all over th e  bacterial 
chromosome. I f  th is is so, it  is perhaps surprising th a t  th e ir repression is 
so well coordinated; th e  case of arginin synthesis in E. coli (Gorini e t al. 
1961, Maas 1961) m ay be invoked, however, which shows th a t  even distinct 
operons m ay be repressed by one and  the  sam e m etabolite.

A nother fact m ust be in troduced in the  discussion a t  this point: when the 
sporulation process has progressed beyond a certain  stage, some th ree  hours 
a fte r its onset, it will go to  com pletion even if conditions supporting growth 
are restored: an irreversible com m ittm ent has tak en  place (Grelet 1951, 
H ardw ick and  F oster 1952), as if the  genes which become expressed late  in 
the  process were insensitive to  catabolite repression. Our working hypo­
thesis is, therefore, th a t  sporulation is controlled by several operons, which 
become expressed in a definite order; the  first one a t  least would be repres- 
sible by catabolites, th e  others, expressed later, being induced in a sequen­
tia l m anner (Stanier 1950). Much more work is needed, however, before th is 
model can be accepted.
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DISCUSSION

W atanabe: I  rem em ber you have previously reported  th a t  the  sporulation 
factor m ight be an  episome in  th e  cytoplasm . I  should like to  ask you 
ab o u t your presen t opinion on th is point.

S c h a e f f e r : The possibility has been considered th a t  sporulation, a dispens ­
able function, m ight be controlled by an  episome which would become 
expressed or s tay  repressed, depending on w hether it  is in the  autonom ous 
or the  in teg ra ted  sta te . The ab ility  to  form spores would th en  be lost 
together w ith the  episome itself. The various trea tm en ts  capable of curing 
a  cell from its carried episomes (exposure to  subm axim al tem peratu re, 
acridine dyes, u v  light or streptom ycine) have all been tried  on the  sporo- 
genous (Sp+) M arburg strain . None o f them  carried ou t the  predicted 
mass conversion of the  S p + in to  Sj)~ cells.

The hypothesis suggests th a t  a ‘cured’ Sp~  m u tan t m ight become S p + 
again by reinfection; th is  also has been looked for unsuccessfully.

This negative evidence is insufficient to  discard the  hypothesis, b u t the  
following observation seems more convincing. W ith  m ost if no t all th e  
Sp~  m u tan ts  tested , th e  ab ility  to  form spores could be restored by 
transfo rm ation  w ith purified w ild-type DNA; th is  would no t happen w ith 
m u tan ts  having lost a sporulation episome. The m u tan ts  could, of course, 
carry  an episome inactivated  by m utation , and therefore restorable. The 
final p roof is hard  to  get, b u t the  w eight of th e  evidence is certain ly  no t in 
favour of the  hypothesis.
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M utants were isolated from an acapsulogenic stra in  o f Bacillus anthracis, 
s train  Vollum, which were unable to  grow a t a tem peratu re  above 34° in 
th e  absence of certain  pyrim idines. A t elevated tem peratu res one of the 
m utan ts, VC“ T d R ” was found to  be dependent on thym idine while th e  other, 
VC-T required  thym ine. B oth  m utants, however, grew norm ally in the 
absence of pyrim idines a t  near room tem perature. A relatively  high con­
centration  of thym ine was needed to  overcome the  thym idine requirem ent 
of m u tan t VC I ’d R a t  37°, whereas a com bination of a low concentration 
o f thym ine with different deoxyribosides (deoxyadenosine, deoxyguanosine. 
deoxycytidine) gave good growth of the  m u tan t. This observation is sugges­
tive of th e  presence of a particu la r enzyme, trans-A -deoxyribosylase in 
the  m u tan t VC_TdR ~, an  enzyme which appears to  be of lim ited d is trib u ­
tion in nature . The second m u tan t, VC_T _ , utilized added thym ine readily 
a t  37° and  th e  base could n o t be su b stitu ted  by its  nucleoside, thym idine. 
In  fact, thym idine and deoxyribonucleosides inh ib ited  th e  grow th of m u tan t 
V C -T - in  th e  presence of thym ine.

B oth  m u tan ts  also grew well a t  37° in the  presence of thym idine-5-phos- 
phate, which indicated th a t  the  de novo pathw ay  of pyrim idine synthesis is 
blocked above 34° somewhere in th e  patliw ay between deoxy cytidine-phos- 
p h ate  and  thym idine-5-phosphate. This block in the  pyrim idine synthesis 
occurring a t  elevated tem peratu res caused an unbalanced synthesis of m ac­
romolecules accom panied by  an abnorm al cell wall form ation. A t 37° ger­
m inated spores showed an abnorm al elongation of the  in itial cell concomi­
ta n t  w ith a gradual loss of v iability. A t th is tem peratu re  cell wall form ation 
was also abnorm al a t a lim iting concentration of pyrim idines, and  m inor 
deficiencies in cell wall s tru c tu re  of th e  m u tan ts  were still app aren t even in 
th e  presence of a large excess o f pyrim idine. This, however, did no t involve 
any change in virulence of m u tan t VC+TdR~ in th e  hom oiotherm ic mouse.

I t  is assum ed th a t th e  m u tan ts  produce either an altered  enzyme protein 
corresponding to  a  block in de novo synthesis of pyrim idine, or an  inhib itor 
is produced a t  high tem peratu res which dim inishes and  finally prevents 
th e  action of the  norm al enzyme.

DISCUSSION'

Szi'B A LSK i: How do you explain these thym idine m utan ts? W ould you no t 
th in k  th a t the  o ther possibility m ight be th a t  in your m utan ts, which can ­
no t utilize thym idine, there is a block for perm eability  of thym idine?
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I v á n o v i c s : Yes, I  have speculated abou t th a t. But the  funny sto ry  is th a t  
the  thym idine m onophosphate is utilized by bo th  enzymes. Therefore, 
th is  is the  case also wben nucleotides are able to  pene tra te  into the  cells 
as in  the  case o f Hemophilus influenzae.

S z y b a l s k i : B ut I  do no t know abou t any well-proved case y e t th a t  nucleo­
tide could be taken  up thus, which could be very  easily explained by 
sp litting  TM P, should thym ine be absorbed so directly.

I v á n o v i c s : Yes, m ost of th is  investigation has been carried ou t w ith  Entero- 
bacteriaceae, and  i t  m akes some difference in the  case o f o ther m icro­
organisms. I  have ju s t referred to  Hemophilus influenzae. F ac to r B 
is ac tua lly  a nucleotide, a nicotinic acid nucleotide; unless it penetrates, 
i t  is no t able to  grow.
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E. coli carrying th e  ‘relaxed’ allele of th e  R N A  control, or JiC, gene show 
a m uch longer grow th lag upon dow nshift transfer from  an am ino acid 
supplem ented into a m inim al medium  th an  norm al strains carrying the 
‘strin g en t’ allele. The prolonged grow th lag seems to  be th e  consequence 
of an abnorm al continuation of RNA synthesis by RCrel genotypes following 
th e  dow nshift transfer. This unbalanced RNA synthesis appears to  lock 
RCrel cells in to  a physiological im passe in which th e  derepressed synthesis 
of new enzymes necessary for th e  resum ption of growth has become more 
difficult. Colony assay of broth-grow n bac teria  on minimal-glucose salts 
agar reveals th a t  only abou t 20%  of RCrel cells are able to  escape from th is 
impasse.

C ertain am ino acids seriously aggravate the  effects of dow nshift transfer 
o f RCrel bacteria, since in  the  presence o f m ethionine, leucine, isoleucine, 
valine, phenylalanine, cysteine, or serine only 10-2 to  10-3 portion  of the  
population can form macroscopic colonies on the  minimal-glucose salts agar. 
The sensitiv ity  of the  RCrel bac teria  to  th e  am ino acids above-m entioned 
changes w ith the  physiological s ta te  of the  bacteria. The m ost sensitive 
are 2 h try p to n e  broth-grow n bacteria.

The deleterious effect of toxic am ino acids on RCrei bac teria  can be coun­
terac ted  if the  m inim al m edium  contains specific com binations of leucine, 
valine, isoleucine, and  threonine. I t  is suggested, therefore, th a t  all the  am i­
no acid sensitivities exhibited  by  the  RCrel bac teria  in dow nshift transfer 
have th e ir origin in feedback control anom alies of the  jo in t b iosynthetic 
pathw ays o f leucine, valine, isoleucine and threonine.

F inally, th e  in terrelationship  betw een relaxation  phenom enon and  am ino 
acid sensitiv ity  have been discussed. D etails o f these experim ents will be 
published elsewhere.

DISCUSSION

S z y b a l s k i : I  s h o u l d  l i k e  t o  a s k  f o r  t h e  i n t e r p r e t a t i o n  o f  t h i s  p h e n o m e n o n .
W hat does it  m ean from  the  po in t of view of enzyme synthesis?

S t e n t : I  th ink  it is possible th a t  the  m u tation  to  relaxation affects the  feed­
back control of some biosynthetic enzymes, too, and  th a t  th e  postu lated  
catholic inducer is an effective in term ediate in  th is  pathw ay. So it m ay 
be th a t  the  am ino acid sensitiv ity  in some way reflects th e  stim ulation  of 
the  production of th is catholic inducer, since even a  g reater am ount 
of R N A  will also be svnthetized  in th e  presence of th is toxic am ino acid.
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By
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The tw o closely-related bacteriophage strains T2 and  T4 induce in th e ir E. 
coli host cells the appearance of several new enzym atic activities, term ed 
‘early  p ro te ins’, necessary for th e  replication of th e  phage DNA. E xperim ents 
carried o u t by Ferm i and S ten t (1961), involving p rim ary  infection o f b ac­
te ria  w ith one T4 genotype and  delayed superinfection w ith a second T4 
genotype, have shown th a t  the  early proteins induced by the  p rim ary  phage 
genome can serve also for the  replication of th e  DNA of th e  homologous 
secondary phage. I  should like to  repo rt the  results of an experim ent, sim i­
la r to  th a t  of Ferm i and  S tent, designed to  determ ine w hether th e  early  
proteins induced by T2 infection can serve for the  replication of T4 DNA.

E. coli cells are infected w ith tw o T2 bacteriophages per cell. In tracellu lar 
phage developm ent is allowed to  proceed a t  37° six m inutes, a t  which tim e 
the  enzymes necessary for DNA synthesis have been form ed (Melechen 
1955, K ornberg  e t al. 1959). F u rth e r protein synthesis is th en  inh ib ited  by 
an  addition of 300 mmg/ml of th e  an tib io tic chloram phenicol to  the  culture, 
and  th e  bac teria  are superinfected w ith ten  T4 phages per cell. A ddition of 
chloram phenicol six m inutes a fte r infection certain ly  allows replication of 
th e  DNA of th e  prim ary  T2, and  the  DNA form ed in the  presence o f chlor­
am phenicol is incorporated  in to  the  viable progeny phages u ltim ately  
form ed a fte r rem oval of the  antib io tic (H ershey and  Melechen 1957). I f  the  
DNA of the  superinfecting T4 replicates along w ith  th a t  of the  p rim ary  T2 
in the  presence of chloram phenicol, then  it m ay be concluded th a t  the 
enzymes induced by th e  T2 DNA can serve to  replicate T4 DNA.

Replication of th e  DNA of the  superinfecting T4 is determ ined in the  fol­
lowing way. The T2 prim ary  phage carries a ‘deletion’ in the r l l  region of its 
genome, and  is thus unable to  give rise to  r + wild ty p e  revertan ts  (Benzer 
1957). The superinfecting T4 phage carries an  r l l  point mutation, which is 
highly revertib le by  th e  m utagen 5-brom odeoxyuridine (BU dR), and  which 
does no t recom bine w ith, or is covered by, the  r l l  deletion carried by  the  
prim ary T2 phage. A fter addition of chloram phenicol and superinfection by 
T4, the  culture is divided into tw o aliquots, and 200 mmg/ml BUdR m utagen 
is added to  one part. B oth  aliquots are incubated  for one hour, a t  which tim e 
chloram phenicol and  BU dR  are removed, in order to  allow resum ption of 
protein  synthesis and  to  stop fu rther m utagenesis. Finally, bo th  aliquots

* This investigation was supported by Public Health Service Research (Irani 
CA 02 129 from the National Cancer Institute, Public Health Service.

** Predoetoral Fellow of the National Science Foundation.
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are incubated  further, and infective progeny phages are allowed to  form. 
Since B U dR  acts only on replicating DNA, the  phage progeny of the  aliquot 
incubated in the  presence of B U dR  should contain a higher proportion of 
r+ wild ty p e  rev ertan ts  th an  the  progeny of the  aliquot incubated  in the 
absence of B U dR , if and only if th e  DNA of the  superinfecting T4 genome 
containing th e  B U dR -revertib le r l l  point m utation  replicates in the  presence 
of chloram phenicol. Control experim ents are perform ed in which bac teria  
prim arily  infected w ith a T2 r l l  deletion m u tan t are superinfected with 
a T2 B U dR -revertib le rlf  po int m u tan t, and  bac teria  prim arily  infected w ith 
a  T4 r l l  deletion m u tan t are superinfected w ith a T4 B U dR -revertible r l l  
po in t m u tan t. In  these controls, according to  the  finding of Ferm i and  S tent, 
th e  superinfecting genomes should replicate, using th e ir homologous early 
proteins. R esults of a typ ical experim ent are shown in Table I.

T A B L E  I

Primary
infection Superinfection

Ratio of revertants and 
total progeny Revertant fre­

quency
+ BUdR -  BUdR

+ BUdR BUdR

T 2 r ll  del. 1 T 2 r ll  p t. 2.2 X 1 0 -8 8 X 1 0 - 10 27
T4H1 del. ! T 4 r ll  p t. 3.7 X 10“ 8 1 .8 x 1 0 -° 20
T 2 rll del. 1 T 4 rII  p t. 1 .7X 10-° 8 .4 X 1 0 - '° 2

I t  is clear th a t  when p rim ary  infection w ith T2 is followed by superinfec­
tion  w ith T4, the  ra tio  of r+ revertan ts to  to ta l progeny in th e  aliquot 
incubated  in  the  presence of B U dR  is no t appreciably higher th an  th e  ra tio  
in  the  aliquot incubated  in the  absence of BUdR. The slight stim ulation 
observed m ight be accounted for by  residual p rotein  synthesis during the 
period a fte r superinfection before the  inhibition by chloram phenicol becomes 
fully effective, allowing some form ation of early protein  by a few superinfect­
ing phages. The ra tios o f r+ revertan ts  to  to ta l progeny in bo th  T2-T2 and 
T4-T4 controls showed approxim ately  tw entyfold  stim ulation by BUdR. 
I t  can be concluded, therefore, th a t  the  early  protein induced by T2 infection 
does n o t allow the  replication and  production of stable T4 DNA.

These results appear to  show th a t  there  is some strain-specific com ponent 
of the  early protein  required  for the  replication and  production of stable 
T4 DNA th a t  cannot, be induced by the  T2  genome, b u t can be induced by 
the  T4  genome. We are presently  try in g  to  identify  th is  specific com ponent, 
and to  m ap th e  position of the  gene controlling its  synthesis on the  T4 
genome.
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D ISCU SSIO N

St a h l : U p o n  w h a t s tra in  o f E .  c o l i  do you  assay  for th e  p a r tic u la r  v iro ty p e  
T2r+?

E c k h a r t : I t  is K12S. I t  is o f  a  h igh efficiency, in p a rticu la r.
St a h l : W h a t does S m ean  in  th is  case?
E c k h a r t : T h is is re-lysogenized.
Sz y b a l sk i: I  th in k  th a t  you  d id  a lread y  ru n , ju s t  for cu rio sity , to g e th e r 

w ith  T4, w hich  is p re fe rred  to  T2 in  th e  rec ip rocal ex p erim en t.
E c k h a r t : N o, the experim ent is difficult to  perform  because, as i t  is known, 

th e  exclusion is of high per cent. The infection of T4 and  T2 results in an 
approxim ately  lOOfold yield of T4 to  T2, so th a t  it is difficult to  get T2 
p artic ipa ting  in the  vegetative pool.
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Now we are near the  end of th e  Symposium and standing here agai., j am 
afraid  there  is little  useful th a t  I  can add  in  m y dosing rem arks.

In  these th ree  days we have become acquainted w ith some h igh ligh t ()f 
cu rren t researches still running  in  laboratories; we have heard a  lo t of ex iq . 
ing problem s and how th ey  were attacked  an d  brilliantly solved; we h a \ , 
enjoyed lively discussions.

In  these days we obtained  an  idea abou t th e  successful progress of studies 
on several problem s so intensively pursued a t  th e  molecular and  subcellular 
level all over th e  world. Among others we have also heard  some of the  
newest achievem ents by m eans of transform ation of com petent cells, a 
prom ising and  com petent way to th e  intentionally  d irected  genetic a lte ra ­
tion  of th e  lower organisms. The spectacular successes achieved in  m olec­
u lar genetics from  one week to  the o ther m ake some people nearly  in to x i­
cated, and  it  is no w onder if they spread th e  rumour: the  H uxleyan  B rave 
New W orld is already before the gate.

However, i t  does n o t seem to a s tu d en t of genetics th a t  an  in ten tional 
directing o f the  genetic constitution of higher organisms, or som ething like 
th a t, as e.g. hum an engineering, is to  be easy, or even a t all. A stu d en t of 
genetics, who knows th e  regulatory m echanisms a t  the subcellular-m olecular 
level controlling the  developm ent, as well as th e  principles of population 
dynam ics operating in  the  long-run evolution, should also know th a t  sim ilar 
regulatory  m echanism s are operating bo th  in th e  short-term  developm ent 
and  in  th e  long-term  of th e  science of genetics, which w arran ts th e  balance 
in the  increasingly extending population system  of our discipline.

We have experienced th e  unbalance, nearly th e  breakdow n of genetics 
caused by some suppressor taboo-m utations, interfering w ith  the  hom eosta­
sis in th e  developm ent of sciences. We were already eyewitness to  some 
ex trav ag an t and  fashionable trends flourishing vigorously, due to  some gene­
tic  drifts, and  sim ulating an evolution by  th e  way of n a tu ra l selection. 
'! his experience m ade me feel my personal gratification m entioned in  m y 
opening rem arks.

N ever concealing our adherence to  the  scientific tru th , also in genetics, 
we survived m any ups and  downs. The tim e has come for organizing th is 
Symposium which, and  I  th ink  you will agree w ith me, also belongs to  the 
general scheme o f genetics. Genetics has a privileged position am ong th e  
biological and  medical sciences owing to  its  perspectives in th e  fu tu re of 
m ankind. This gratifies us to  a g reat ex ten t. Now I  sincerely hope th a t  th is 
Symposium will either directly  or by feedback mechanism con tribu te to  the
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better understanding  of the  goals and  of th e  im portance o f genetics as well 
as tJ th e  full recognition and the further developm ent of our discipline also 
in Hungary.

We, H ungarian  geneticists, feeling the responsibility, are very  thankfu l 
co all you who co-operated in one w ay or ano ther to  th e  success o f our m eet­
ings. The Symposium is now nearly over, each of you can judge its  defects 
and  m erits for yourself. So I  ask you to  forgive us if  we have erred  in some 
things. I  hope they will be soon forgotten and I  th an k  you for so m any kind 
words and so much encouragement. May I  express also m y desire th a t  you 
will leave H ungary with th e  feeling th a t th e  tim e and tho u g h t so generously 
given have been spent well

T hank  y o u !
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