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A B S T R A C T Unlinked transformations were demonstrated to occur by vary- 
ing the multiplicity of DNA molecules taken up by competent cells. The num- 
ber of doubles was directly proportional to the product of the frequency of 
singles for varying concentrations of cells. The  kinetics of transformation to 
doubles and the effect of DNA concentration on double transformations were 
consistent with the concept that the cell must take up two molecules of DNA 
in order to be doubly transformed. Linked markers, on the other hand, were a 
constant fraction of the single transformation for variations in DNA or cell 
concentration, or time. The kinetics of transformation of linked markers was 
the same as for the kinetics of single transforming factors. It  was, therefore, 
concluded that linked transformations involve interaction between the cell 
and a molecule of DNA carrying both markers. The frequency of transforma- 
tion was found to be the same from resistance to sensitivity as from sensitivity 
to resistance for the markers streptomycin (S) and cathomycin (C). Purified 
DNAs, in general, show lower levels of linkage than crude DNA preparations, 
and for some crude preparations all the S markers were linked to C, suggesting 
that some dispersion, at least, was a result of DNA preparation. The inactiva- 
tion of linked markers by heat, ultraviolet, and DNAase was studied. 

INTRODUCTION 

In  the ear ly  studies on  the  genetics of a lmost  all microorganisms,  transfers 
of he red i t a ry  factors were  descr ibed as i ndependen t  of  one  another ,  and  it 
was only  af ter  a n u m b e r  of factors had  been  descr ibed and  the  organisms 
more  intensely s tudied tha t  n o n - r a n d o m  associations were  found.  Indeed ,  it 
was somewhat  surprising then  tha t  l inked t ransformat ions  first observed for 
ab  antigens in Hemophilus influenzae ( I )  and  mann i to l  to s t r ep tomycin  l inkage 
in pneumococcus  (2) should have  been  observed  wi th  so few character is t ics  
studied.  M o r e  recent ly ,  l inkage has been  d iscovered  for c a thomyc in  and  
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s t r ep tomyc in  loci in Hemophilus (3) and  for three  sulfani lamide loci in pneu-  
mococcus  (4). There fore ,  it was reasonable  to ques t ion whe the r  or not  l inkage 
exists a m o n g  all markers  in the genet ic  appa ra tus  of a cell and  wha t  cr i ter ia  
should be used in ana lyz ing  l inked markers .  As a corol la ry  to this, it was 
ques t ioned  whe the r  un l inked  markers  ac tua l ly  existed in a solut ion of  t rans-  
fo rming  DNA.  

T h e r e  are  several  lines of ev idence  which  establish tha t  t ransformat ions  in 
thei r  simplest fo rm result  f rom the in te rac t ion  of  single cells and  single D N A  
molecules.  In  the exper iments  to be  descr ibed below, it will be  demons t r a t ed  
tha t  linked t ransformat ions  resul ted f rom in terac t ions  be tween  single cells 
and  single D N A  molecules  and,  on  the o the r  hand ,  unlinked t ransformat ions  
to mul t ip le  markers  resul ted f rom the  in te rac t ion  be tween  single cells and  
m o r e  t han  one  molecule  of  DNA.  

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

The preparation of DNA, competent cells, media, and the diluents has been de- 
scribed previously (5) together with most of the laboratory techniques. The medium 
Elev is a 50-50 mixture of Levinthal broth and Eugonbroth. 

The DNAase used was the once crystallized pancreatic preparation obtained 
from Worthington Biochemicals Corporation. The ultraviolet inactivation was per- 
formed by using a G.E. 15 watt steri-lamp with an output of approximately 33 ergs 
per mm ~ per sec. at 30 cm from the sample. 

In testing for the composition of transformed clones the Lederberg replica plating 
technique (6) was used except that a fine mohair was substituted for the usual vel- 
veteen material. Since we employed an agar overlay technique in some of our ex- 
periments we have used the mohair material even though the efficiency of transfer 
from clones was of the order of 80 to 85 per cent compared to very close to 100 per 
cent with velveteen, but it had the advantage of enabling us to transfer colonies which 
were below the surface of the thin agar overlay. 

Unless otherwise specified with linked transforming factors transformations for a 
specific marker include all the classes of this marker. In transforming Cs~nS ~en cells 
(Rd) by Cr~Sr~ DNA the streptomycin transformants include the CsenS r~. and 
the Cr~S r~ class. Separate classes are designated as C~e~S ~ or C~nSres, etc. 

E X P E R I M E N T A L  RESULTS 

Evidence that Transformations Result from Interaction between Single Cells and 
DNA Molecules 

In  ag r eemen t  wi th  the work of  o the r  investigators (7-9)  it  was found  tha t  a 
l inear  re la t ionship  existed be tween  the n u m b e r  of t ransformat ions  p roduced  
and  the concen t ra t ion  of  D N A  in solut ion be low the concen t ra t ion  of  0.02 
#g  per  ml. Wi th  h igher  concent ra t ions  the n u m b e r  of  t ransformat ions  in- 
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creased m o r e  slowly a n d  r eached  a p l a t e a u  va lue  a b o v e  which  the  n u m b e r  of  

t r ans fo rmat ions  did  not  increase.  Th i s  l inear i ty  b e t w e e n  D N A  c o n c e n t r a t i o n  
a n d  n u m b e r  of  t r ans fo rmat ions  suggested tha t  a n  in t e rac t ion  b e t w e e n  a 
single physica l  uni t  of  D N A  (a molecu le )  a n d  a cell was  sufficient to p r o d u c e  
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FICURE I. Kinetics of transformation. 0.1 ml Rd cells made competent by the usual 
aerobic-anaerobic procedure (5) was added to 2.8 ml of broth (final cell concentration -- 
3 × 107 per ml) and incubated for 10 minutes at 36°C at which time 0.1 ml of DNA 
was added (final concentration -- 0.03 #g per ml). At the times indicated the samples 
were diluted at least 100-fold into broth and plated immediately by the usual pour plate 
procedure, incubated 2 hours at 37°(I, and then layered with 500 #g per ml streptomycin, 
or 5 ~g per ml cathomycin (novobiocin), or both. The plates were counted after 36 
hours' incubation. 

t r ans fo rmat ion .  I n  addi t ion ,  it was  possible to d e m o n s t r a t e  single in t e rac t ion  

be tween  cells a n d  D N A  kinetical ly.  I n  Fig. 1 is p lo t t ed  the n u m b e r  of  t rans-  

fo rmat ions  p r o d u c e d  aga ins t  t ime  af ter  i n t roduc t ion  of  t r ans fo rming  D N A  

into a cu l tu re  of  c o m p e t e n t  cells. T h e  cells were  i n c u b a t e d  for 10 minu t e s  

before  the add i t ion  of D N A  a n d  it was obse rved  tha t  the  m a x i m u m  level of  

t r an s fo rma t ion  was r e a c h e d  af ter  25 to 30 minutes .  T h e  n u m b e r  of  t rans -  

fo rmat ions  (Nt) a t  a n y  t ime,  t, was  t aken  as a f rac t ion  of the  to ta l  m a x i m u m  

level (NI).  W h e n  the  n u m b e r  to be  t rans formed ,  i.e. one  minus  the  f rac t ion  
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t r ans formed  (1 -- N,/Ns), as a funct ion  of  t ime, was p lo t ted  as shown in 
Fig. 2, a s t ra ight  line re la t ionship was obta ined.  Such  a resul t  is expec ted  in 
cases of  first or  pseudo-first  o rde r  kinetics and  supports  the not ion  tha t  t rans-  
fo rmat ion  involves an  in te rac t ion  be tween  single molecules  and  cells. 

Origin of Double Transformations 

Doub le  t ransformat ions  could  be  ob ta ined  by  using mixtures  of d i f ferent ly  
m a r k e d  t ransforming  DNAs  or  by  using single mul t ip ly  m a r k e d  stocks. W h e n  
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Ftotnu~ 2. Kinetics of transformation for single factors. The data of Fig. 1 were used 
to calculate the value 1 - Nt/Nf, where Nt is the number of transformations at time t, 
and N t is the final plateau number of transformations = the number at 30 minutes. 

mix tures  of  va r i an t  DNAs  were  used, the f r equency  of  doub le  t ransformat ions  
was low re la t ive  to the f r equency  of  single t ransformat ions,  and  indeed,  could  
be  precisely descr ibed as a funct ion  of the  f r equency  of  single t ransformat ions  
(5). In  the case in which  D N A  f rom mul t ip ly  m a r k e d  cells was used to ob ta in  
doub le  t ransformat ions ,  there  were  two classes of markers ,  those markers  
which  gave the  same re la t ive  f r equency  of  double  t ransformat ions  as a 
mix tu re  of  DNAs p roduced ,  and  those which  gave a f r equency  of doubles  
which  was far  in excess of  the f r equency  to be expec ted  on  the basis of  single 
t ransformations.  

F r o m  the  evidence  to be presented  below we conc lude  tha t  the first class 
of  markers  is un l inked  and  represents  markers  on  dif ferent  D N A  molecules.  
T h e  second class represents  markers  which  are  l inked and  are  present  on 
the same D N A  molecule  (for example ,  see T a b l e  I). 
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Evidence for Unlinked Transformations 

Unl inked  t ransformat ions  are  def ined as t ransformat ions  for two or m o r e  
factors which are  no t  i n t e rdependen t ,  i.e., the  p robab i l i ty  of  t r ans fo rma t ion  
to one  character is t ic  does not  inf luence the p robab i l i t y  of  t r ans fo rmat ion  of  
another .  I f  two t rans forming  factors are on  dif ferent  D N A  part icles  in solu- 
t ion, t hen  it is clear  t ha t  two in teract ions  be tween  a c o m p e t e n t  cell and  the 

T A B L E  I 

T R A N S F O R M A T I O N S  F O R  L I N K E D  A N D  U N L I N K E D  M A R K E R S  

0.1 ml  of Rd  cells (to give 5 X 10 7 per  ml  final) was di luted in to  2.9 ml  of Elcv p lus  0.1 to 1.0 
~,g per  ml  of  D N A  conta in ing  the markers  indicated.  The  n u m b e r  o f  t r a n s f o r m a t i o n s  was 
de te rmined  by the usual  assay procedure .  D N A  denoted  as S -}- C was a m i x t u r e  of  DNAs  f r o m  

two cell stocks each of which  was  res is tant  to o n e  o f  these ant ibiot ics ,  whereas  SC came f rom a 
single stock tha t  was res is tant  to b o t h  antibiotics.  A s imilar  p rocedure  was  followed wi th  the 
o ther  markers .  

No. of transformations to the indicated antibiotic resistances 

DNA S C SO E SE V CV 

s + c  
SC 
E + S  
ES 

CV 
E + S  

1.9 X 10 6 8 .6  X 10 5 8.2 X 10 2 
1.0 X 10 ~ 2.8 X 10 5 3.8 X 10 4 
5.0 X l0 5 2.6 X 10 5 1.2 X l0 a 
3.6 X 10 6 6.6 X 10 ~ 2.2 X I0 a 

6.3 X 10 e 4 .2  X 10 6 
1.8 X 10 e 2.4 X 10 6 2.1 X l0 4 

1.2 X 10~ 

part icles  are  necessary in o rde r  to ob ta in  a doub le  t ransformat ion .  This  m a y  
be visualized as : 

Rd A ) RdAp B , RdapBp, 

o r  

Rd B )  Rdnp A ) RdBpAp 

where  A is a molecule  of  D N A  which  will p roduce  a po ten t ia l  t r ans format ion  
in R d  cells to RdAp, etc. 

S tar t ing  wi th  a given n u m b e r  of D N A  molecules  and  r emoving  all or  
almost  all these molecules  f rom solution wi th  dif ferent  concent ra t ions  of  
cells, it was found  tha t  the number of double transformations was a function of the 
frequency of transformation to singles and  not  a funct ion  of the a m o u n t  of  t rans-  
fo rming  act ivi ty r e m o v e d  f rom the solution. Consequent ly ,  it was conc luded  
tha t  these markers  were  on  separa te  molecules.  A typical  expe r imen t  is shown 
in T a b l e  I I .  
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With the hypothesis that the markers were unlinked it is to expected that 
the frequency or the number  of double transformations would fall off much 
more rapidly than the number  of single transformations as a function of de- 
creasing DNA concentration. These results are illustrated in Fig. 3. It may  
be noted that the singles decrease directly with DNA concentration, i.e. a 
slope of 1, whereas the double transformations decreased with a slope of 
about  2. In a manner  similar to that discussed above for single transform- 
ation, one could ask whether the kinetics of double transformations is 
compatible with single interactions or multiple interactions between the cells 

T A B L E  II  

EFFECT OF CELL C O N C E N T R A T I O N  ON 
T H E  T R A N S F O R M A T I O N  T O  R E S I S T A N C E  T O  

S T R E P T O M Y C I N  AND E R Y T H R O M Y C I N  

Rd  ceils were di luted with 0.125 M saline, to obta in  3 ml  of the indicated final 
concentrations,  +0.005 #g per ml  of DNA carrying both  s t reptomycin  and 
high level e ry thromycin  (E-50) resistance. After incubat ion  for 30 minutes ,  
ceils were diluted and plated with the indicated antibiotics.  

No. of tranaformatiom/ml 

No. of viable eells/ml SE 8 E 

No. of competent 
cells calculated from 

No. of doublcs* 

2.5 X l0 T 4 X 103 4.3  X 105 6.0 X 105 6.5 X 107 
5 X 10 ~ 4 .4  X 10 s 6.2 X 105 7.7 X 105 1.1 X l0 s 
1 X 108 2.9 X l0 s 7 .3  X 105 9.3 X 105 2.3 X 10 s 
2 X l0 s 1.4 X 103 7.7 X 105 8.6 X 105 4.7  X l0 s 
5 X 108 0.75 X 105 9.2 X 106 9.6  X 105 1.2 X 105 

7.5 X l0 s 0.64 X 105 9.4 X 105 11.0 X 105 1.6 X 109 

* The  significance of the constant discrepancy between the figures in this co lumn and those in 
the first column has been discussed elsewhere (5). 

and DNA molecules. Transformation to double resistance, i.e. cathomycin and 
streptomycin using a mixture of DNAs from single resistant stocks, is shown 
in Fig. 4. The  fraction of cells not yet transformed (1 - N J N / )  is plotted 
on a logarithmic scale against time of interaction to bring out  the mechanism 
of the interaction. The  individual or single transformations are included for 
comparison. It  is clear that in contrast to the singles, the double transform- 
ations (SC) are not single-hit interactions, for the experimental points do not 
fall on a straight line passing through the origin. This SC curve is in agree- 
ment  with the idea that double interactions are necessary. 

From these data  it is concluded that DNA markers which were derived 
from a multiply marked stock were unlinked for the markers erythromycin, 
viomycin, and streptomycin, and cathomycin was not linked to erythromycin 
or viomycin. 
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Evidence for Linked Transformations 

U s i n g  the  D N A  from a cell s tock w h i c h  was  resistant to b o t h  S a n d  C, the  
n u m b e r  of  d o u b l e  transformat ions  o b t a i n e d  was  a cons tant  p r o p o r t i o n  o f  the  
n u m b e r  of  s ingle  transformat ions .  W h e n  the  n u m b e r  o f  d o u b l e  t rans forma-  
t ions was  d e t e r m i n e d  as the  func t ion  o f  D N A  concentra t ion ,  the  n u m b e r  o f  
doubles  (SC)  was  at all points  a cons tant  fract ion of  the  n u m b e r  o f  s ingle  
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FlouRs 3. The effect of DNA concentration on the relative number of double trans- 
formations. The procedure was similar to that described in Table III except that the 
cell concentration and theDNA concentration were both varied as indicated. O, relative 
number of transformations to streptomycin, 0 ,  relative number of transformations to 
erythromycin for concentration of viable cells = 5 X 10L The same curves fit the data 
for concentrations of 1 X 10 8 and 5 × 10 8 cells. A, relative number of SE at a cell 
concentration of 5 × 10 ~ per ml, A, relative number of SE at a cell concentration of 
1 N 10 sperml. 

transformat ions .  Th i s  is s h o w n  in Fig. 5. I f  the  cell  c o n c e n t r a t i o n  was  varied,  
the  n u m b e r  of  d o u b l e  t rans format ions  was  still a func t ion  of  the  n u m b e r  o f  
s ingle  t rans format ions  and  agreed  wi th  the  k inet ic  analysis  for s ingle  trans-  
format ions .  I f  o n e  p lot ted  the  funct ion ,  1 - -  N d N / ,  versus t a straight l ine  
t h r o u g h  the  or ig in  was  obta ined .  T h e s e  results are s h o w n  in T a b l e  I I I  and  
Figs. 1 and  6. If, o n  the  o ther  hand ,  o n e  used a mix ture  o f  D N A s  f r o m  a 
stock resistant to S and  a n o t h e r  resistant to C, then  the  a b o v e  re lat ionships  
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were not obtained. Instead they were consistent with the relationship estab- 
lished for unlinked markers. It  is necessary, therefore, to conclude that in the 
DNA preparations from cells resistant to both streptomycin and cathomycin 
these two markers were linked on the same molecules, at least in 20 per cent 
or more of the molecules carrying the streptomycin or cathomycin marker. 
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Floum~ 4. The kinetics of unlinked double transformation. Rd cells were diluted into 
Elev broth (3.5 X 10 ~ per ml) containing a mixture of DNAs marked with cathomycin 
and streptomycin resistance, 0.12 #g per ml each, and at the time intervals indicated 
were diluted in broth containing DNAase, 1.0 #g per ml, and 0.003 ~t Mg ++. The plateau 
number of transformations (N:) for SC was 4.2 X 10 2 transformations per mr. The usual 
assay procedure after dilution and plating was followed. The log of (1 - Nt/N/) is 
plotted as a function of time where Nt is the number of transformations at time t. 

Origin of Single Transformants from Donor Cells Containing Multiply Linked 
Markers 

When DNA from a population of doubly marked SC cells was used to trans- 
form host cells to resistant characteristics, all three kinds of cells were found; 
i.e., streptomycin-resistant alone, cathomycin-resistant alone, and strepto- 
mycin--eathomycin-resistant. In view of the fact that  streptomycin and 
cathomycin were linked, the origin of single S and C transformations re- 
quired an explanation. Indeed, it was found that when fresh crude lysates 
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FIGURE 5. Constant relationship between the number of SO and S transformations 
with varying DNA concentration. 0, transformations to S (including SC class). Q, 
transformations to SC. 

were used the amount  of  linkage between S and C was considerably higher, 
particularly when the transformation assay was done in 0.125 M saline in 
place of broth. These results are given in Tables I V  and V. In one experiment 
(5 of Table IV) all those colonies which were S also carried C, thus demon-  
strating that at least in this case all the S transformations were linked to C. 

T A B L E  I I I  

THE CONSTANCY OF L IN K E D  DOUBLE 
T R A N S F O R M A T I O N S  (S-C) TO SINGLE T R A N S F O R M A T I O N S  

W I T H  D I F F E R E N T  CONCENTRATIONS OF CELLS 

Rd cel ls  m a d e  competent  by the aerobic-anaerobic technique w e r e  d i l u t e d  
into Elev broth  containing 0.01 #g per ml of DNA marked with streptomycin 
and  c a t h o m y c i n .  T h e  f inal  v o l u m e  was  3 ml .  T h e  S and  C classes i n c l u d e  
the  S-C class. 

No. of  transformations X 10 -~ 

No. of ceils S C SC Ratio SC/S 

4 X l0 T 3.2 6.3 0.8 0.25 
8 X l0 T 5.8 13 1.5 0.26 
2 X 10 s 13 30 3.5 0.27 
4 X l0 s 19 43 3.3 0.18 
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FiGtraE 6. Kinetics of transformation to SC doubles. The  data  of Fig. 1 for SC doubles 
are plotted as a function of the final plateau number  of transformations. As in Fig. 2, 
the plot on semilog paper  shows (1 - N d N / )  vs. time, where N~ is the number  of trans- 

formations at t ime t, and N / i s  the number  of transformations at 30 minutes. 

As a result of these experiments it seemed likely that single transformations 
from linked markers resulted either from recombination and elimination of 
some of the,  markers during incorporation or the prior inactivation of the 
other linked marker. 

T A B L E  I V  

DEGREE OF LINKAGE OF S AND C FOR 
SEVERAL DNA PREPARATIONS 

Competent  Rd cells were diluted into 2.9 ml Elev broth or 0.125 M saline 
(for experiments 3 and 5) containing the concentrat ion of DNA indicated 
and assayed by the routine assay procedure. Different batches of Rd cells 
at a concentrat ion of 5 X l0 T per  ml were used in each experiment.  

No. of transformations 

Experiment DNA concentration S C SC 
Ratio 

sc / s  s c / c  

us~mr 
1. Purified SC 0.1 9.9 X 105 2.2 X 10 e 2.9 X 105 

0.01 2.9 X 106 6.5 X l0 s 9.4 X 104 

2. Purified SC 0.03 + 0.006 3.2 X 10 s 8.2 X 10 s 8.2 X 104 
+ Rd 0.03 + 0.6 3.6 X 104 7.3 X 104 1 X 104 

3. Crude 1.0 9.6 X 105 1.7 X 106 5.8 X 105 
0.01 4.0 X 106 8.4 X 105 2.6 X 10 s 

4. Crude SC 0.1 1.7 X 105 4.1 X 105 7.9 X 104 
0.1 1.6 X 10 s 4.2 X l0 s 6.6 X 104 

5. Crude SC 0.2 5.1 X 10~ 1.1 X 100 5.5 X 105 

0.29 
0.32 

0.26 
0.28 

0.59 
0.65 

0.46 
0.41 

1.1 

0.13 
0.14 

0. I0 
0.14 

0.33 
0.31 

0.19 
0.16 

0.50 
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Since in no experiment were all the cathomycin markers found to be 
linked to streptomycin and since a small fraction of the markers could still 
involve another mechanism, a series of experiments designed to determine the 
origin of the single transformants is presented below. 

The possibility that the SC population used to make the transforming 
DNA contained an appreciable number  of S and C cells was ruled out  by 
growing the cells in the presence and absence of the antibiotics, streptomycin 
and cathomycin, and looking for the presence of singly marked cells by  the 
replicate plating technique. DNA from SC cells grown in the presence and 
absence of the antibiotic gave the same variations in S, C, and SC trans- 
formations. This suggested that the SC cells did not produce an appreciable 

T A B L E  V 

I N C R E A S E  O F  L I N K E D  T R A N S F O R M A T I O N S  IN  
S A L I N E  C O M P A R E D  T O  E L E V  B R O T H  

R d  ( rec ip ien t  cells)  were  d i l u t e d  (0.1 pe r  2.9 m l )  f rom a s tock  o f  c o m p e t e n t  
cells to g ive  5 X 107 pe r  m l  in 3 m l  of  Elev  b r o t h  or  sa l ine0 .125 M c o n t a i n i n g  
0.6 #g  pe r  m l  ( e x p e r i m e n t  I) a n d  0.001 /zg pe r  m l  ( e x p e r i m e n t  2) of  c r u d e  
t r a n s f o r m i n g  fac tor  m a r k e d  w i th  s t r e p t o m y c i n  a n d  c a t h o m y c i n  res i s t ance .  

No. of transformations 

Experiment 1 Experiment 2 

Marker Elev Saline Elev Saline 

S 1 . I  X 10 e 1 .6  X 10 n 5 . 5  X 10 4 8.1 X 10 4 
C 2 .4  X 10 n 2 .6  X 10 6 1.1 X 10 6 1.3 X 10 6 
S C  4 .6  X 10 5 1.2 X 10 e 2 .4  X 10 4 6 .0  X 10 4 

R a t i o  S C / S  0 .42  0 .76  0 .44  0 .74  
R a t i o  S C / C  0 .19  0 .46  0 .22  0 .46  

fraction of molecules carrying single markers. In addition, it was found that 
SC cells obtained by double transformation in one step gave rise to trans- 
forming factor with the same capacity to produce single transformations as 
the original cells. 

The  possibility that transformed cells actually represented a kind of het- 
erogenote was also examined (10) by looking for the presence of segregants 
from transformed cells and by testing the DNA of transformed cells for both 
recipient and donor alleles. No evidence was found either for the segregation 
of markers from selected clones, or the presence of more than one allele in the 
transformed cell as tested by  transformation. This latter experiment was per- 
formed in the following way. Recipient cells C .... S .... were transformed to 
C'°'S res by a mixture of DNAs, C .... S res and O°~S .... . If  the resulting 
C"~S ' '  transformed cells carried a sensitive marker, O'Sson' for example, 
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when one transformed a second recipient C .... S r.s some of the cells should 
also be transformed to S .... . 

Of  810 transformed colonies from the second recipient tested by selecting 
first on the single antibiotic and replicating to a mixture of streptomycin and 
cathomycin, no colonies were found which did not replicate on both strepto- 

T A B L E  V I  

I N D E P E N D E N C E  O F  T R A N S F O R M A T I O N :  S I N G L E  
T Y P E S  P R O D U C E D  I N  E A C H  C L O N E  

Ant ib io t i c  sens i t ive  R d  cells were  m a d e  c o m p e t e n t  by  t he  a e r o b i c - a n a e r o b i c  
m e t h o d  (5), ( c o n c e n t r a t i o n  = 3.3 X 10 9 pe r  m l )  a n d  d i l u t e d  0.1 to 2.9 m l  of  
b r o t h  c o n t a i n i n g  18 # g  pe r  ml  of  c r u d e  D N A  wi th  t he  l inked  m a r k e r s  for  
s t r e p t o m y c i n  a n d  c a t h o m y c i n  (SC). Samp le s  were  t aken  a t  30, 60, 90, a n d  
120 m i n u t e s ,  a n d  d i l u t e d  in to  b r o t h  c o n t a i n i n g  1 #g  pe r  ml  D N A a s e  w i t h  
0.003 M M g  ++. A t  e ach  t ime  no ted ,  one  s a m p l e  was  a s sayed  by  t he  a g a r  ove r -  
lay  t e c h n i q u e  whi le  o t he r  s amples  were  s p r e a d  on  t he  su r face  of  p l a in  Elev  
a g a r  w i t h  2 m l  soft  a g a r  (.75 pe r  cen t )  over lay .  T h e  su r f ace  p la tes  were  t h e n  
r ep l i c a -p l a t ed  to p la tes  c o n t a i n i n g  s t r e p t o m y c i n  or  c a t h o m y c i n ,  or  b o t h  
an t ib io t ics .  

Time 

No. of colonies on replica plates 
Coincidence of colonies on different 

S C SC replica plates 

mm. 

30 23 51 11 11 SC  also S a n d  C 
60 41 83 24 24 SC also S a n d  C 
90 26 56 15 15 SC also S a n d  C 

120 32 64 17 17 SC also S a n d  C 

T o t a l s  122 254 67 

Marker 

Comparison of frequency of transformation obtained by non-selective (surface colonies) 
and selective (layer plate) techniques 

Surface colonies 
Layer technique frequency (4 X 104 cells 

Time No. of transformations frequency tested) 

rain. 

S t r e p t o m y c i n  30 1.1 X 105 0 .69  X I0 -3 0 .6  X 10 - s  
C a t h o m y c i n  30 2 .5  X 105 1.6 X 10 - s  1.3 X 10 -3 
SC 30 5.1 X 104 0 .32  X 10 -s  0 . 3  X 10 - s  

mycin and cathomycin, demonstrating that the SC DNA carried no detect- 
able fraction of duplicate (allelic) markers. 

The possibility that  antibiotic selection procedures used in the experiments 
could account for the different frequency of transformation of markers was 
ruled out by comparing the frequency of transformation obtained in the 
absence of selecting agents with the number  obtained by direct selection. 
These results are shown in the second part  of Table VI. 
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From an analysis of the bacteria in clones derived from transformed cells 
it can be shown that independent  transformations occur in the large majority 
of cases in different cells (19). Similar results were obtained for preparations 
of linked markers. As noted above, Rd cells (S .... C .... ) transformed with 
DNA from cells which were streptomycin- and cathomycin-resistant produce 
three kinds of transformants, those resistant to S alone, C alone, and both 
S and C. When clones which produce these transformants were permitted 
to develop in a non-selecting media and then tested for antibiotic resistance 
by replica plating to a series of plates containing streptomycin, or cathomycin, 
or both, none of the transformants to S or C occupied the same position on 
the replica plates. The  SC transformant, of course, replicated on all three 
plates (Table VI). In  addition, 30 of the non-selected clones which contained 
SC transformants were resuspended in broth and shown to contain no cells 
which were resistant to streptomycin or cathomycin alone. (These clones did 
contain an eight- to tenfold excess of the recipient Rd cells.) Therefore, it 
was concluded that no segregation of S resistant cells from C resistant cells 
had taken place to account for the origin of single transformants from DNA 
containing linked markers. This left only recombination and elimination of a 
portion of the markers during incorporation, or the inactivation or separation 
of single markers prior to uptake by the cell, to account for the presence of 
single transformations. 

The Frequency of Transformation from Resistance to Sensitivity 

If DNA preparations were made in the same way, the same frequency of 
linked transformations could be demonstrated to occur in either direction; 
i.e., from resistance to sensitivity as well as from sensitivity to resistance. For 
example, streptomycin-resistant ceils could be transformed to streptomycin 
sensitivity by using the DNA from cells sensitive to streptomycin, but resistant 
to cathomycin, and plating in the presence of eathomycin, and both anti- 
biotics. In the same way transformation to cathomycin sensitivity could be 
determined by using cathomycin as a non-selective marker;  i.e., plating with 
streptomycin and both S and C. The  results are given in Table VII  and 
demonstrate that the degree of linkage of streptomycin-cathomycin was the 
same for both the sensitive marker  and the resistant marker;  the same rela- 
tion held for cathomycin sensitivity and cathomycin resistance. The  degree 
of linkage of streptomycin to cathomycin sensitivity and streptomycin sensi- 
tivity to cathomycin explained an apparently anomalous result obtained 
when the frequency of transformations to double SC was measured using a 
mixture of streptomycin and cathomycin DNA. In this case the frequency 
of doubles was about one-half of that expected on the basis of random in- 
teraction using streptomycin and erythromycin markers or other unlinked 
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T A B L E  V I I  

F R E Q U E N C Y  O F  T R A N S F O R M A T I O N  F R O M  S E N S I T I V I T Y  
T O  R E S I S T A N C E  A N D  R E S I S T A N C E  T O  S E N S I T I V I T Y  F O R  

C A T H O M Y C I N  A N D  S T R E P T O M Y C I N  L O C I  

C r u d e  D N A s  were  p r e p a r e d  acco rd ing  to t he  t e c h n i q u e  o u t l i n e d  p r ev ious ly  
a n d  t he  cells were  m a d e  c o m p e t e n t  by  t he  a e r o b i c - a n a e r o b i c  p rocedu re .  
0.1 m l  of  R d  cells was  d i l u t e d  in to  2.9 m l  of  0.125 M sa l ine  (5 X 107 pe r  ml )  
c o n t a i n i n g  0.1 #g  pe r  m l  of  c r u d e  D N A .  

Recipmnt cells Donor DNA S 

No. of transformations Proportion of doubles 
SC/C or SC/S or 

C SC S son C/C SCSOn/8 

R d  C ~ S  "en SC 4 X 105 8 .4  X 105 2 .6  X 106 0.31 0 .65  
C'~'nS CS 8''~ 6 .5  X 105 4 . 4  X 105 0 .32  
CS "en C'e~'S 2 .4  X 105 1.3 X 104 0 .54  

T h e  n u m b e r  of  doub les  for the  m a r k e r s  for sens i t iv i ty  was  c a l c u l a t e d  by  s u b t r a c t i n g  t h e  re-  
s i s t ance  class  of  doub le s  f rom t he  s ing les ;  i.e, C --  CS = CS 'en. T h e  f r e q u e n c y  of  l i nkage  -- 
CS'~n/C or  in t h e  cross  CS se" by  S D N A ,  S --  CS = C ~ ' S ,  etc.  

m a r k e r s .  I f ,  h o w e v e r ,  o n e  c o r r e c t e d  f o r  t h e  c l a s s e s  o f  d o u b l e  t r a n s f o r m a t i o n s ,  

w h i c h  i n c l u d e  t h e  s e n s i t i v e  m a r k e r s ,  t h e n  t h e  o b s e r v e d  n u m b e r  o f  S C  t r a n s -  

f o r m a t i o n s  w a s  o b t a i n e d .  C e l l s  ( C - S  . . . .  ) t r a n s f o r m e d  t o  s t r e p t o m y c i n  

r e s i s t a n c e  ( C - - S r e 0  p r o d u c e  t w o  c l a s s e s  o f  t r a n s f o r m a n t s ,  t h a t  i n  w h i c h  t h e  

T A B L E  V I I I  

T H E  F R E Q U E N C Y  O F  D O U B L E  T R A N S F O R M A T I O N  T O  SC 
W I T H  A M I X T U R E  O F  S A N D  C D N A s  C O M P A R E D  T O  T H E  F R E Q U E N C Y  

O F  D O U B L E S  F O R  O T H E R  U N L I N K E D  M A R K E R S  

R d  cells were  d i l u t e d  1/10 in to  0.125 M sa l ine  to g ive  a f inal  c o n c e n t r a t i o n  
of  2.4 X l0 s pe r  ml .  D N A  at  a f inal  c o n c e n t r a t i o n  of  0.1/~g pe r  m l  was  a m i x -  
t u r e  f rom cells r e s i s t an t  to s t r e p t o m y c i n  a n d  e r y t h r o m y c i n  w i t h  t h a t  f rom 
cells  r e s i s t an t  to e a t h o m y c i n  a n d  v i o m y c i n  in  a f inal  c o n c e n t r a t i o n  of  0.1 
/zg pe r  m l  each .  F r o m  a p rev ious  e x p e r i m e n t  we c a l c u l a t e d  1.9 X 10 a c o m -  
p e t e n t  cells pe r  ml .  

Frequency of doubles 
Factors No. of transformations Frequency (observed) expected from singles SC corrected for linkage 

S 1.25 X 106 6 .6  X 10 -3 
E 1.8  X 106 9 .5  X 10 -3 
C 5 .6  X 10~ 3 .0  X 10 -2 
V 3 .8  X 106 2 .0  X 10 -2 

SE 1.3 X 104 6 .8  X 10 -6  

SV 2 .6  X 104 1.4  X 10 -4 
SG 1.9 X 104 1.0 X 10 -4 
E V  4 .2  X 104 2 .4  X 10 -4 
E C  4 .3  X 104 2 .3  X 10 -4 
V C  9 .9  X 104 5 .2  X 10 -4 

6 .3  X 10 -5 
1.3 X 10 -4 

2 X 10 -4 
2 X 10 -4 

2 .9  X 10 -4 
6 X 10 -4 

SC 8°~* = 0 .60  

S'enC = 0 .32  

1 . 0  X 10 -4  
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C-  marker is contributed by the recipient and that in which the C-  marker 
is transformed in with the S re~ marker. The same applies to the reciprocal 
CresS . transformation. Therefore, in transforming C .... S .... (the argument, 
of course, is applicable to any combination of sensitive and resistant markers) 
by a mixture of C .... S ro~ plus Cr*sS .... DNA, the calculation of the expected 
number of doubles Cre~S *e8 requires that only that class of transformants be 
used in which the single resistance marker was contributed by the donor 
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FmtJ l~  7. Ef fect  of  hea t  on  var ious markers .  T o  4.0 m l  of F, lev bro th  was a d d e d  0.8 
ml of D N A  ( =  0.8  /~g) marked with streptomycin, cathomycin, and erythromycin 
resistance. The mixture in a 13 X 100 mm test tube was immersed in a boiling water 
bath and aliquots removed at the times indicated and assayed. The plot gives the residual 
activity as a function of time. 

DNA. Correcting for the classes of double transformants C .... S'"' as the 
product of the frequency of the singles C r°8 X S r°8 gave the observed number 
of double transformations. These results are given in Table VIII.  

Effects of Physical and Chemical Agents on Linkage 

There have been a number of reports on the effects of physical and chemical 
agents on the inactivation of various transforming factors (11, 12). The ex- 
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periments reported here are concerned with some of the quantitative aspects 
of the inactivation of transforming activity by a number  of agents, but  particu- 
larly with the effects on linkage between streptomycin and cathomycin. 

Inactivation by Heat 

Reports  by Zamenhof, Alexander, and Leidy (13) and Lerman and Tolmach 
(12) have indicated that transforming activity can be destroyed by tempera- 
tures above 80°C, and Doty and collaborators (14) have shown that the 
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FIGURE 8. The effect of heat on linked transformation. To 4 ml of Elev broth kept for 
5 minutes at 95°C was added 2 #g of DNA in 0.2 ml of citrate saline buffer (0.014 citrate 
and 0.15 M saline). At the times indicated 0.1 ml samples were transferred to 2.8 ml of 
broth at room temperature. After all samples had been taken, 0.1 ml of Rd cells (5 X 
l0 T per ml) was added and the samples assayed for transformations. The plot gives the 
per cent of residual activity as a function of time of heating( 

inactivation of DNA involved a collapse in the molecule, and was dependent  
upon ionic and other conditions. In the present experiments heat was used 
to determine whether the inactivation of linked and unlinked transforming 
factors was due to the destruction of the entire molecular unit or to the in- 
activation of the subunits. Heat ing at 95 or 96°C destroyed transforming 
activity of both linked and unlinked factors as shown in Figs. 7 and 8. The  
initial rate of inactivation for linked and unlinked markers was the same and 
suggested that the process was a general one and involved complete molecular 
units. However,  after the first few minutes of heating the rate of inactivation 
was logarithmic with time. During this portion of the curve the rate of inac- 
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tivation of the linked markers was the sum of the rates of inactivation of the 
single markers. This suggested that the linked factors were being inactivated 
independently and involved a "single hit" process. The specific mechanism 
of this process is not understood. The heat-inactivated D N A  contained residual 
activity which was different from the original material in that the ultraviolet 
sensitivity of the surviving transforming activity was slightly more resistant 
to ultraviolet radiation than the original material. This is shown in Fig. 9, 
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FIGURE 9. Ultraviolet inactivation of heated and unheated DNA.  D N A  in 0.15 M 
saline and 0.014 M citrate saline was diluted 1/10 in Elev broth to give a concentration 
of 3.6 #g per ml. 1 ml  sample was heated 3 minutes in a boiling water bath which reduced 
its transforming activity for streptomycin by a factor of 5 × 102. The heated (A,  A)  
and unheated (O,  O) material was then diluted (0.15 ml  to 4.35 ml  of citrate saline) 
and irradiated with ultraviolet light. Small  aliquots were removed at times indicated and 
measured for transforming activity. The curve shows the fraction of activity remaining 
as a function of dose of ultraviolet (dose rate -- 30 ergs per m m  ~ per sec.). 

It is most significant that the ultraviolet sensitivity was not greater than that 
of the original material which might be expected if the heated D N A  were 
single stranded. 

Inactivation by DNAase 

D N A  prepared from the multiply marked SC cell was inactivated by deoxy- 
ribonuclease (DNAase) by first order kinetics. The results of a typical experi- 
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ment  are given in Fig. 10. The  C marker in this case was inactivated at a 
slightly slower rate than the S marker and SC double transformations were 
inactivated as the sum of the inactivation rates of the single markers. This 
suggested that the inactivation of transforming activity by DNAase involved 
the inactivation of the marker directly and that the markers were inactivated 
independently. It should be noted that the amount  of inactivation produced 
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Fiamu~ 10. Effect of DNAase concentration on the activity of S, C, and SC. A solution 
of Worthington crystalline DNAase was diluted from a stock of 1 mg per ml (to give the 
concentrations indicated) into a mixture of 0.03/zg per ml DNA marked with strepto- 
mycin, and cathomycin resistance in Elev broth containing 0.003/zg per ml Mg ++. The 
mixture (2.9 ml final volume) was precooled to 15°C and the reaction permitted to run 
for 2 minutes at which time the tubes were immersed in a 90°C water bath for 1 minute. 
which inactivated the DNAase. 0.1 ml of Rd was added to the broth tubes after cooling 
and the number of transformations determined. Similar curves were obtained if the 
DNA-DNAase mixture was diluted without heating before transformation. 

in these experiments was accompanied by only a very small drop in viscosity 
of the DNA solution. 

Inactivation by Ultraviolet Light 

Although the mechanism of ultraviolet light inactivation is not known, it was 
a particularly interesting agent to use because of its mutagenic, carcinogenic, 
prophage-inducing, and other special properties and because its photochemi- 
cal energy is too low to break most primary covalent bonds. Ultraviolet light 
does not markedly affect the viscosity of D N A  solutions except at extremely 
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h igh  doses. I n  addi t ion ,  u l t rav io le t  l ight  is k n o w n  to p r o d u c e  c h r o m a t i d  

breaks  bu t  does not  p r o d u c e  c h r o m o s o m e  breaks  (15). 
Expos ing  d o u b l y  m a r k e d  SC t r ans fo rming  D N A  to u l t rav io le t  r ad i a t i on  

f rom a 15 wa t t  s t e r i - l amp for var ious  per iods  of  t ime  led to the  curves  in Fig. 
1 1. These  semi logar i thmic  curves  showed tha t  the  S a n d  C m a r k e r s  were  
inac t iva ted  a t  dif ferent  ra tes  a n d  tha t  the  SC uni t  was inac t iva t ed  a t  a r a t e  
which  was s o m e w h a t  faster  t h a n  the  s u m  of the  two markers .  I n  the curves  
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FIOURE I I. The  ultraviolet inactivation of linked transforming factors. DNA marked 
with streptomycin and cathomycin at 1 /~g per ml was irradiated in an open Petri dish 
mounted on a rotary shaker at 14 inches from a 15 watt G.E. sterMamp. At the times 
indicated 0.1 ml was sampled into 2.7 ml of broth and the transformation assay per- 
formed in the usual manner except that the total volume in the transformation tube was 
1.5 ml. The plot gives the residual activity as a function of ultraviolet dose (1 second 
= 32 ergs per mm~). 

shown  it was c lear  t ha t  there  was no po r t i on  of the  cu rve  which  showed a 

loga r i thmic  d r o p  in ac t iv i ty  wi th  t ime.  

D I S C U S S I O N  

T r a n s f o r m a t i o n s  resul t  f rom in terac t ions  be tween  cells a n d  D N A  (16, 17). 
T h e  n u m b e r  a n d  kinds of  t r an s fo rma t ion  p r o d u c e d  are  d e p e n d e n t  u p o n  the  
n u m b e r  of  cells wh ich  a re  c o m p e t e n t  to i n t e r ac t  wi th  D N A ,  a n d  the  n u m b e r  
a n d  kinds  of  D N A  molecules  in solution. O u r  first conclus ion r e g a r d i n g  this 
in t e rac t ion  states tha t  an  in te rac t ion  be tween  a cell a n d  a single D N A  mole -  
cule is sufficient to p r o d u c e  a t r ans format ion .  Th i s  conclus ion  is based  on  the  
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following facts. First, the number  of transformations for any one specific 
character is a linear function of the amount  of DNA which is taken up by 
the cells irreversibly. Consequently, at low concentrations of DNA, the amount  
of DNA taken up by the cells irreversibly is directly proportional to the DNA 
concentration in solution. In addition, the kinetics of production of trans- 
formed cells is consistent with the notion that an interaction between the cell 
and a single DNA molecule is sufficient for transformation. 

The  second conclusion states that a DNA molecule or particle can trans- 
form for two or more factors (linked) as a result of a single interaction between 
the particle and cell. It is not sufficient to conclude that markers are linked 
merely on the basis of the excess in the observed frequency of transformation 
compared to the expected number  of transformations because the frequency 
of transformation is a function of the number  of cells which are capable of 
taking up DNA as well as the number  of molecules which react with these 
cells. Whenever  the population of cells contained only a fraction of its number  
as competent  cells, the number  of double transformations calculated on the 
basis of the whole population would be considerably below the number  which 
would be expected on the basis of the actual number  of competent  cells (5). 

The evidence for linkage of streptomycin and cathomycin was based on 
the fact that the ratio of the frequencies of double to single transformations was con- 
stant with variations in cell and DNA concentration and the absolute number  
of transformations, in addition to the fact that the kinetics of transformation 
to produce doubles followed the same function as single transformations. 

The third conclusion concerning interactions during transformation is 
that for unlinked markers double transformations result from multiple 
interactions between the cell and DNA molescules. It  has been shown that 
for a number  of Hemophilus markers, the frequency of double transformation 
was simply the product  of the frequency of single transformations and this 
relationship was an exact one if the number  of competent  cells in the popula- 
tion was taken into account. This relationship held whether or not the DNAs 
came from a multiply marked stock or from a mixture of singly marked 
DNAs. The  fact that the frequency of double transformations for a given 
cell or DNA concentration was a product  of the frequency of the singles did 
not distinguish between the possibilities that the cells had interacted with 
several molecules of DNA or with a single molecule of DNA carrying two 
markers. Evidence that transformations result from multiple interactions was 
obtained from a study of the effect of varying cell and DNA concentrations 
on the number  of double transformations. It was demonstrated that for a 
given amount  of DNA removed from solution, the number of double trans- 
formations was not simply a function of the number of singly marked trans- 
formations obtained, but  rather that the frequency of double transformations 
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was a function of the frequency of singles and was indeed a product of the two 
single frequencies. 

A theoretical model to explain the relations found above is given in the 
following discussion. Experimentally it has been shown that  the number (N) 
of molecules of DNA removed from solution is directly proportional to the 
concentration of DNA (D) at low concentration of DNA and to the cell 
concentration (C) where the fraction of DNA removed is small. 

N = kDC 

The number  of transformations to a factor a (T~) is directly proportional to 
the number of molecules removed 

T~ = k~N 

then Ta = k , k . D . C  = K , D C  and the probability of transformation (fre- 
quency) (P,) is directly proportional to the DNA concentration 

p _  T. - K ~ D  
C 

In the same way 

Tb 
Pb -- -- Kb D 

C 

and if a and b are independent events (unlinked markers) then, 

P . b -  Ta~ Ta Tb 
C -- P ~ X P b  = - - ~  X - - ~  = K ,  Kb .D ~ = K ,  b D  ~ 

the frequency of transformation to the double ab is a function of the square 
of the DNA concentration as we have noted above. If all the molecules added 
to a solution are removed by the cells, then N = D and 

Ta = kaN = k ,D  

and 

p .  - T. k. D kDa 
C C C 

and in the same way 

kDb 
Pb-- C 
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and 

P.b -- T,,b ko. kDb _ ko.b 
C - C X C  C 2 

i.e., the frequency of unlinked double transformations ab is inversely propor- 
tional to the square of the cell concentration under conditions in which all 
the DNA molecules are removed from solution. The experimental data  in 
Table  II  fit this relationship. 

The inactivation of linked markers by DNAase, heat, and ultraviolet light 
is consistent with the hypothesis that linked markers are present in the same 
DNA particle. 

Hea t  inactivation of transforming factor was clearly separated into two 
categories. First, there was a general inactivation of DNA molecules which 
was shown by the loss of transforming activity of streptomycin, cathomycin, 
erythromycin, and the double S-C at the same rate by treatment at high 
temperature.  This initial loss in activity was accompanied by a loss in the 
interference property of DNA and agreed with the concept suggested by 
Rice and Doty (14), in which they visualized the effects of heat on DNA as 
resulting in a general collapse of the DNA molecule. After this initial rapid 
inactivation in the DNA, at tr ibuted to collapse of the molecule, there was a 
slower inactivation of the residual transforming activity. With continued 
heating the activity fell with a linear relationship for single markers while 
the linked double transtormations fell as the sum of the rates of the single 
inactivations. With DNAase, also, the two individual markers were inac- 
tivated at almost the same rate (12), and the linked markers, S-C, were in- 
activated as the sum of the rates of the single inactivations. These results 
were obtained measuring residual activity as a function of both DNAase 
concentration acting for a specific period of time or for kinetics of inactiva- 
tion at any single DNAase concentration. It is suggested, therefore, that the 
splitting of a critical phosphate ester bond was sufficient to produce an in- 
activation of a single marker. While heat and DNAase inactivation showed a 
linear response with dose, ultraviolet inactivation showed no such apparent  
relationship. At no place did the streptomycin or cathomycin markers or the 
double S-C markers show a logarithmic inactivation as a function of dose. 
The  inactivation by ultraviolet light of streptomycin and cathomycin markers 
was clearly different and was qualitatively similar to inactivation of some 
markers obtained by Zamenhof  et al. (18). The linked transformation showed 
a slightly greater inactivation than the sum of the rates of inactivation of the 
single markers. From the data  presented, however, it is not possible to decide 
whether or not as a result of the inactivation of one marker on a molecule, 
the remaining markers may  still be active. A more detailed discussion of the 
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effects of ul t raviole t  i r rad ia t ion  on  t ransforming  factor  will be publ ished 
elsewhere. 
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