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S defined by PONTECORVO (1958) , recombination is ". . . any process which 
Agives origin to cells or individuals associating in new ways two or more 
hereditary determinants in which their ancestors differed . . .". According to 
this definition, genetic transformations of bacteria constitute a special mode of 
recombination. In transformation a new combination of hereditary determinants 
is produced following the exposure of a suitably marked recipient strain of 
bacteria to the deoxyribonucleic acid (DNA) extracted from a donor strain that 
differs from the recipient strain by one or more such determinants. Yet, in 
another sense, transformations are directed mutations, for they confer one or 
more genetic properties of the donor upon the recipient strain of bacteria. It 
seems more desirable, however, to treat transformation as a recombination re- 
sulting from the confrontation of a portion of the recipient genome with the 
homologous portion of the donor genome contained in the transforming DNA. 

The evidence for this point of view comes from a number of directions. In the 
first place, it has been demonstrated that, when the recipient cells are physio- 
logically competent, they absorb transforming (donor) DNA from the medium. 
This has been shown (GOODGAL and HERRIOTT 1957; LERMAN and TOLMACH 
1957; Fox 1957) in experiments using transforming DNA uniformly labelled 
with P3*. The radioactive phosphorus enters the competent recipient bacteria; 
the amount that is irreversibly bound is directly proportional to the frequency of 
transformed bacteria eventually produced; the radioactive label is recoverable 
specifically from the DNA fraction of the recipient cells. A second piece of 
evidence is the reversibility of transformation (TAYLOR 1949; HOTCHKISS and 
MARMUR 1954; RAVIN 1959). A bacterium with genetic property A can be trans- 
formed into one with the mutated property Q; using the appropriate DNA, the 
transformed bacterium can then be transformed back into a bacterium with the 
property A. Such reversibility shows that transformation cannot be regarded as 
simply the adding on of donor DNA to the DNA already present in the recipient 
genome, but rather as the replacement of a piece of recipient DNA by a corre- 
sponding (homologous) piece contained in the transforming DNA. A third line 
of evidence is discussed in this paper. Certain transformations are best explained 
by the assumptions that the recipient and donor bacteria are mutated for a 

1 The work described in this article was supported in large part by Research Grant E-727 
awarded by the National Institute of Allergy and Infectious Diseases, U. S. Public Health Service. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/45/10/1387/6058930 by guest on 25 M

ay 2023



1388 A. W. RAVIN 

certain genetic property at different sites of a specific DNA unit and that trans- 
formation combines the unmutated lengths of the recipient and donor units to 
restore a “wild-type” genome ( EPHRUSSI-TAYLOR 195 1 ) . 

This paper deals with a variety of mutations affecting the ability of the type I11 
strain of Pneumococcus to synthesize the specific polysaccharide that constitutes 
its extracellular capsule. Two questions are posed: (1) Are these mutations 
“unlinked”, i.e., are they borne by separate transforming DNA particles? (2), If, 
on the contrary, they are “linked” (i.e., occur at different sites of the same trans- 
forming particle), can their sites be mapped with respect to each other? 

MATERIALS AND METHODS 

The normal type I11 capsule-synthesizing strain is designated as SIII-N. Its 
colonies are smooth (S) in appearance. Mutants deficient in capsule synthesis 
fall into three more or less distinct phenotypic classes (RAVIN 1959): SIII-2, 
SIII-1, and R. SIII-2 mutants produce an appreciable amount of capsule. While 
somewhat smooth, their colonies are nevertheless readily distinguishable from 
those of SIII-N. SIII-2 colonies are recognizably distinct, moreover, from those 
of SIII-1 and R mutants. 

SIII-1 mutants produce so little capsular polysaccharide that their colonies 
are rough (R) in appearance. Consequently, while SIII-1 colonies are easily 
distinguished from those of SIII-2 or SIII-N, they are not distinguishable from 
those of R mutants, which apparently produce no capsular polysaccharide. Here- 
after in this article SIII-1 and R will be referred to simply as capsule-deficient 
strains. The presence of the small amount of capsule produced by SIII-1 bacteria 
can be detected by a number of means, and one of these is its interference with 
anti-R agglutinins. The titer of anti-R agglutinins necessary for complete ag- 
glutination is greater for SIII-1 than for R strains (RAVIN 1959). 

The heritage of the various mutant stocks has been previously described 
( RAVIN 1959). 

Most of the procedures utilized in these experiments (media, DNA prep- 
aration, anti-serum preparation, etc.) have also been previously described 
(EPHRUSSI-TAYLOR 1951 ; RAVIN 1959). 

In certain experiments discussed below it is necessary to measure the relative 
frequency of SIII-N and SIII-2 transformants produced in a reaction from which 
both types may appear. For this measurement a special procedure has been 
developed, which will be described in the relevant section below. 

EXPERIMENTS 

Linkage of mutations causing impaired capsular synthesis: In a previous report 
( RAVIN 1959) an important difference was demonstrated between capsule- 
deficient strains obtained by spontaneous mutation (hereafter termed “capsule- 
deficient mutants”) and capsule-deficient strains obtained by transformation 
(hereafter referred to as “capsule-deficient transformants”). The capsule- 
deficient transformants fail to be converted into encapsulated cells when treated 
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S Y N T H E S I S  O F  POLYSACCHARIDE 1389 

either with the specific DNA (from a capsule-deficient strain) responsible for 
their production or  with the DNA extracted from cells of their own strain 
(clone). This finding suggests genotypic identity of the capsule-deficient trans- 
formants with the capsule-deficient donor cells. The spontaneous capsule-defici- 
ent mutants fail to be transformed into encapsulated cells when treated with 
DNA extracted from cells of the same strain, but they are generally transformed 
into encapsulated cells when treated with the DNA extracted from a different 
(independently-isolated) capsule-deficient strain. This finding demonstrates 
genotypic differences between the various mutants impaired in type I11 capsule 
synthesis. 

Two hypotheses can be formulated to accbunt for the genotypic differences of 
independently-isolated, capsule-deficient mutants (Figure 1 ) . On the one hand, 
it is possible that many independent (unlinked) factors contribute to capsule 
synthesis. On the other hand, the different capsule-deficient mutants may be the 
result of mutations at very closely linked, but recombinable sites within a single 
region concerned with capsule synthesis. Discrimination between these two hy- 

SIII-N U 

R ---- R 

-El- * 
€El- 
% 

R 27 

sm-l 

sm-2 
SUI-N 

FIGURE 1.-Two alternative schema for representing the sites of mutations impairing the 
synthesis of capsular polysaccharide. In the upper part of the figure, the different horizontal lines 
represent separate (unlinked) transforming agents affecting capsule synthesis. As indicated by 
the vertical bars or symbols, mutations on any one of these agents can cause different degrees of 
impairment. Replacement of a mutated agent by its normal homologue restores the normal (SIII- 
N) phenotype. In the lower part of the figure, a single transforming agent is represented as being 
susceptible of mutations at  different sites. The segment of the agent affecting type 111 capsule 
synthesis i s  indicated by the region enclosed by the rectangle. Mutations causing different degrees 
of impairment are indicated by the width of the segment affected. Recombination between two 
different mutated agents can restore a totally unmutated segment, which produces the normal 
phenotype. A transforming agent may bear more than one mutation as indicated in the R1 geno- 
type. 
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potheses is made possible by the existence of two genetically different strains of 
type I11 encapsulated bacteria. The one strain is SIII-N, which produces a greater 
amount of capsular polysaccharide and consequently larger and more mucoid 
colonies than the other strain, SIII-2, a mutant derivative. Fortunately, colonies 
of SIII-2 and of SIII-N cells are morphologically distinct. 

Experimental test of these two hypotheses is based on the following facts. 

I. Two different capsule-deficient strains, Rx and Rz, arising by mutation 
from SIII-N interact in the following way: 

Recipient DNA donor Encapsulated transformants 
(1) Rx + Rx -+ none 
(2) Rx + Rz + SIII-N 
(3) Rz + Rx -+ SIII-N 
(4) Rz + Rz + none 

11. Two different capsule-deficient strains, R1 and Rl l ,  arising by mutation 
from SIII-2, interact in the following way: 

Recipient DNA donor Encapsulated transformants 
( 5 )  R11 + R11 + none 
( 6 )  R11 + R1 -+ SIII-2 + Rl1 + SIII-2 (7) 
( 8 )  RI + R1 + none 

111. A capsule-deficient strain, such as Rx, derived from SIII-N, interacts with 
the DNA of encapsulated strains in the following way: 

Recipient DNA donor Encapsulated transformants 
(9) Rx + SIII-N -+ SIII-N only 

(10) Rx + SIII-2 -+ SIII-N 4- SIII-2. 

IV. A capsule-deficient strain, such as Rl 1, derived from SIII-2, interacts wtih 
the DNA of encapsulated strains in the following way: 

Recipient DNA donor Encapsulated transformants 
(11) R l l  + SIII-N + SIII-2 + SIII-N 
(12) R l l  + SIII-2 + SIII-2 only 

The two hypotheses mentioned above can account for all of the above facts, 
but they predict that quite different frequencies of SIII-2 and SIII-N trans- 
formants will be produced in reactions 10 and 11. Consider reaction 10: 

According to: 
Model of unlinked Model of linked 

mutations mutations 
+ R 

the recipient is genotypically: _ I _  _I_  - 
+ R  

-1-1- 
the DNA donor is genotypically: -1- -I- 

2 + _I__ '_  
2 f  
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S Y N T H E S I S  O F  POLYSACCHARIDE 1391 

therefore: the reaction would yield SIII-2 transformants need 

not be rare; if -1-1- 
substitutes for -1-1- 
as frequently as -1- sub- 

+ R stitutes for -I-, then 
SIII-2 transformants will 
be as frequent as SIII-N 
transformants. 

SIII-N transformants fre- 2 +  
quently and SIII-2 trans- 
formants rarely, because, + R  
while the former result 
from single transformation 
events (the substitution of 

-I-- for -I-), the latter 
result from double trans- 
formations (the substitu- 

tion of --I- for -1- and + R 
of -1- for -I-). 

3- 

R 

2 + 

Finally, consider reaction 1 1 : 
According to: 

Model of unlinked Model of linked 
mutations mutations 

2 R 2 R  
the recipient is genotypically: _ [ _  -I- -1-1- 

-I-/- -L- + +  the DNA donor is genotypically: -1- + 
SIII-N transformants rare- 
ly relative to SIII-2 trans- 
formants, because the 
former result from double 
trans formations . 

therefore: the reaction would yield SIII-N transformants need 
not be rare. 

Only one possibility needs to be excluded, however, for the case of reaction 10. 
2 R 2 R  

Ct must be demonstrated that -1- is not epistatic to -I-, so that a -I-- -1- 
transformant could be phenotypically SIII-2. Proof that this is not the case is 
provided by isolating SIII-2 transformants obtained by exposing Rx cells to DNA 
From SIII-2. The DNA is then extracted from such SIII-2 transformants, and is 
ised to treat more Rx cells. If these SIII-2 transformants were genotypically 

2 R  + R  
-1- -I-, their DNA could not transform Rx cells (ex hypothesi, -1- -I-) 
nto SIII-N cells (ex hypothesi, -1- -I-). Experiments were therefore per- 
’ormed to test the genotype of SIII-2 transformants obtained by reaction 10. This 
:est was performed by extracting the DNA from such transformants, and using 
t to induce transformations on the same recipient strain as was used in the first 
.ransformation. As will be seen from the example given in Table 1, SIII-N 
ransformants were recovered at similar frequencies in the first and second steps 

+ +  
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1392 4. W. RAVIN 

TABLE 1 

Frequency of SII I -N transformants produced in strain RI by  the DNAs of two 
SIII-2 strains differing in their origin 

Origin of DNA S treptomycin-resistant SIII-2 SIII-N 

SIII-2-str no. 1 1.0 x 10-4 C .  10-3 c.  10-3 
SIII-2-str no. 2 3.4 x 10-4 C .  10-3 - 1 0 - 4  C .  10-3 

RI cells were exposed to DNA for 15 hrs. Donor strain no. 1 originally acquired SIII-2 marker by transformation of 
strain R3FA (EPHRUSSI-TAYLOR 1951); streptomycin-resistance ( s t r )  marker was introduced subsequently by transformation 
with DNA of strain SIII-l-str. Donor strain no. 2 acquired SIII-2 marker by transformation of strain Rx-str. 

of transformation. Therefore, it is concluded that the SIII-2 transformants ob- 

tained by reaction 10 are not genotypically -1- -I-. 
The technical procedure for measuring the relative frequency of SIII-N and 

SIII-2 transformants in a reaction from which both types may appear (reactions 
10 or 11) is somewhat complicated. The complication is due to the necessity of 
providing in the reaction mixture antibodies against the untransformed recipient 
cells; these antibodies increase the ultimate frequency of the transformed en- 
capsulated cells, possibly due to selection (RAVIN 1956, 1959). If there were 
differential selection for the SIII-N and SIII-2 classes of cells, one could never be 
sure whether the relatively low frequency of a particular class of transformants 
were due to the intrinsically low rate of their production by transformation or 
due to selection against them. To avoid the problem of selection, cells exposed to 
DNA for a brief period of time (10-20 minutes) are treated with DNase, and 
then diluted samples are taken to inoculate each of a large number of tubes con- 
taining media in which appropriate antibodies are present. The sample size is 
made so small that the probability of introducing more than one cell contacted 
by the capsular transforming agent is considerably less than one. After a suitable 
period of growth ( > 5 hrs) , allowing complete expression of the newly acquired 
character, the tubes are plated on appropriate media to determine the presence of 
transformants. (In the case of encapsulated transformants, it is not feasible to 
obtain an accurate count of their colonies because of an interfering background 
of a vast majority of untransformed, unencapsulated colonies. In the case of 
streptomycin- and erythromycin-resistant transformants, however, it is possible 
to count the number of colonies on antibiotic-containing media by eliminating 
the vast majority of untransformed sensitive bacteria, and so get a reliable esti- 
mate of the frequency of transformants in a given tube.) The proportion of tubes 
containing SIII-N transformants can be compared to the proportion of tubes con- 
taining SIII-2 transformants. 

The application of this procedure to the case in which bacteria of strain SIII-1 
are treated with the DNA of encapsulated cells is shown in Tables 2 and 3. 
It should be noted that SIII-1 is a capsule-deficient mutant that was derived from 
an SIII-N strain and is like strains Rx and Rz in its reactions with the DNA from 
strain SIII-N and the DNA from strain SIII-2. Table 2 gives the result of an 
experiment in which SIII-1 cells were treated with the DNA of a strain that 

2 R  
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TABLE 2 

Short-term exposure of strain SIII-1 to TP SIII-N-ery,-str 

Transfomiant class 

No. of tubes 
No. of containing 

tubes examined transfoimants 
No. of transfomiants 

per 0.1 ml' 

ery-resistant 

str-resistant 

SIII-N 
SIII-2 

c. 2500, c. 2000,1496, 
413,226, 149,143, 125, 
112,92, 18,6 
c. 3000, c. 3000,144f3, 
544,328,322,229,191, 
188, 152, 113, 112, 73, i 71,57,49 

50 12 

50 16 

49 10 > 100 in each tube 
49 0 

Observed Expected? 

ery-resist. + str-resist. 50 4 3.8 
ery-resist. + SIII-N 49 3 2.4 
str-resist. + SIII-N 49 1 3.2 
ery-resist. + str-resist. + 49 0 0.8 
SIII-N 

* Total no. celW0.l ml 1 2 . 3  X IO'  
f On basis of independent transfer of transforming agents affecting different functions. 
Grew cells in presence of albumin for 4 hrs 10 min. 
Added DNA for 20 min treatment. Added DNase at  4 1/2 hrs, plated samples, and transferred 3300 cells to each of.50 

tubes containing 2 ml of medium + anti-R antibodies. Incubated tubes for 14 hrs, and then plated each tube on selectlve 
and nonselective media 

TABLE 3 

Short-term ezposure of strain SIII-1 to T P  SUI-2-sir 

No. of tubes 
No. of containing No. of transformants 

Transformant class tubes examined transfonnants per 0.1 nil' 

SIII-2 49 40 
SIII-N 

resistant to 
loop str/ml (str) 

SIII-2 + SIII-N 
SIII-2 + str 
SIII-N + str 
SIII-2 + SIII-N + str 

49 20 

49 31 

Observed Expected? 

49 17 16.3 
49 25 25.3 
49 11 12.6 
49 11 10.3 

> I O 0  in each tube 
> 100 in each tube 

161,216,1295,227,214, 
80,6,34, 75, 102, 128, 
1016,194,49,49,55, 
129,55,219,51, 176, 
101,48,113,290, c. 
2000,223,47,251,396, L,. 

Total no. cells/O.l ml=3.2X107. 
? On basis of independent transfer of transforming agents affecting different functions. 
Similar to experiment described in Table 2. 
Time of exposure: 20 min. Number of cells transferred from exposed population to each tube: 7290. 
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differed in three genetic properties from the recipient strain. The donor DNA 
contained the “wild-type” determinant for normal capsule synthesis (SZZZ-N) , 
as well as determinants conferring resistance to streptomycin (str) and resistance 
to erythromycin ( err2) .  In this experiment, the number of tubes containing each 
of three classes of transformed cells was about the same. No SIII-2 transformants 
were observed, which conforms to previous results obtained with the reaction of 
SIII-1 recipients with the DNA of SIII-N donors (EPHRUSSI-TAYLOR 1951 ; 
RAVIN 1954). It is interesting, however, that the number of transformants of a 
given class varies considerably from tube to tube. Thus, for example, some tubes 
contained as many as 3000 str transformants per 0.1 ml while others contained as 
few as 49 per 0.1 ml. The distribution of the number of transformed cells per 
tube is quite characteristic for a given cellDNA reaction system, and has been 
reproduced in a number of experiments. These results are interpreted in the 
following way. The fraction of tubes containing transformants of a particular 
class is determined by the fraction of cells originally exposed to the transforming 
DNA that absorbed the genetic marker in question. Thus, in the present case, 
the number of cells absorbing the str marker which were inoculated into each 
tube was 0.38 (given by x in the equation: e-z = proportion of tubes receiving no 
cells with the str marker = 0.68). Therefore, about 26 percent of the tubes re- 
ceived one cell that had absorbed the str marker and about five percent of the 
tubes received two cells that had absorbed this marker. At the time of inoculating 
the tubes, the lowest frequency of cells containing the str marker in a tube con- 
taining any at all was one in 3300. Yet the lowest frequency finally observed (at 
the end of the period of incubation) was 49 in 2.3 x lo’ or one in 4.6 x IO5; the 
highest frequency was roughly 3000 in 2.3 x IO7 or a little over one in lo4. This 
finding can be taken to mean that not all cells absorbing a given marker integrate 
it into their genomes during the first generation of growth. A delay in integration 
of from one to several generations will lower the frequency of genetically trans- 
formed cells in the clone descending from the bacterium that originally made 
effective contact with the DNA determinant. Alternative explanations for the 
distribution of the number of transformed cells per tube will be discussed below. 

Finally, it will be noted that the proportion of tubes containing two or  more 
classes of transformed cells (ery, + str or str + SZZZ-N, etc.) is what one would 
expect if the determinants for the capsule character, the erythromycin-resistance 
character and the streptomycin-resistance character were absorbed and inte- 
grated independently of each other. The expected number of tubes containing 
both cells transformed for character a and cells transformed for character b is 
calculated as the proportion of tubes containing transformants of class a multi- 
plied by the proportion of tubes containing transformants of class b multiplied 
by the total number of tubes examined. 

Table 3 gives the results of an experiment in which cells of strain SIII-1 were 
treated in a similar manner with DNA from a streptomycin-resistant SIII-2 
strain (i.e., one containing the determinants str and SZZZ-2). About twice as many 
cells were inoculated per tube, so that the fraction of tubes containing trans- 
formants of a given kind was higher than in the previous experiment. However, 
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the results are similar in most respects. I t  will be noted that both SIII-2 and 
SIII-N transformants were observed, as the combination of recipient strain and 
transforming DNA is essentially that of keaction 10 above. According to the 
hypothesis of unlinked mutations, the SIII-2 class should be rare. The results 
show that, on the contrary, SIII-2 transformants are probably more frequent 
than SIII-N transformants, rather than less frequent. 

Results of other experiments involving reactions 10 and 11 are given below in 
Tables 4 and 5, respectively. 

Similar results were obtained for four other capsule-deficient mutants (RI, 
R27, Rz,SIII-1 c) . They demonstrate that various mutations causing impairment 
of the ability to synthesize type I11 capsular polysaccharide are present at sep- 
arable, recombinable sites of the same transforming agent. 

Mapping the sites of mutation: Although the mutants R1 and R l 1  arose inde- 
pendently by mutation from the same encapsulated strain (SIII-2), they are 
phenotypically alike, and behave similarly in response to the DNA from SIII-N 
and SIII-2 strains. Nevertheless, they are evidently genotypically dissimilar, 
since by transforming one of the mutants with the DNA of the other, SIII-2 
strains can be reconstituted. Obviously, the mutations affecting capsule synthesis 
are located at different sites, and as has just been pointed out, these two sites must 
occur on the same transforming agent (presumably the same DNA molecule). 

The possibility arose that the RI and R11 mutations could be mapped with 
respect to the SIII-1 and SIII-2 muations, which are also situated on the same 
transforming agent as those of R1 and R l  1 , In preliminary experiments it became 
evident that strain R11 in reaction to the DNA of strain SIII-1 produced regularly 
numerous SIII-N and SIII-2 transformants. Strain R1, on the other hand, in 
reaction to the same DNA appeared to produce only SIII-2 transformants. 

A number of transformation experiments were then undertaken to test whether 

TABLE 4 

Short-term exposure of strain RL to TP SIII-2-str-eryZ 
~~ 

No. of tubes containing No. of 
Transformant class tubes examined transformants 

ery-resistant 50 4 
str-resistant 50 2 

SIII-2 42 2 
SIII-N 42 2 

SIII-2 + SIII-N 42 0 < I  
SIII-2 + str-resist. 42 0 <I  
SIII-2 + ery-resist. 42 0 <I  
SIII-N + str-resist. 42 0 <I 
SIII-N + ery-resist. 42 1 <I  
ery-resist. + str-resist. 50 0 < f  

Observed Expected' 
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TABLE 5 

Short-term exposure of strain RI1  to T P  SIII-N-str-ery, 

Transformant class 

No. of tubes 
No. of containing No. of transformants 

tubes examined transformants per 0.1 ml' 

ery-resistant 

str-resistant 

SIII-N 

SIII-2 

ery-resist. + stx-resist. 

SIII-N + ery-resist. 

SIII-2 + ery-resist. 

SIII-N + str-resist. 

SIII-2 + str-resist. 

ery-resist. + str-resist. + SIII-N 

+ SIII-2 

+ SIII-2 

+ SIII-2 

ery-resist. + str-resist. 

str-resist. + SIII-N 

ery-resist. f SIII-N 

ery-resist. + str-resist. 
SIII-N + SIII-2 

U) 

20 

20 

20 

20 

20 

U) 

U) 

20 

U) 

20 

U) 

U) 

U) 

>lOOO, >1000, >1000, 
18 >IOW, 802,781,752, 

683,632,534,531,507, 
492,282,249,163,147, k. 
718,502,422,417,356, 
257, 152,52,33,2 

> 100 in each tube 

5 >lo0 in each tube 

10 

16 

Observed Expected+ 

8 9.0 

15 14.4 

5 4.5 

7 8.0 

2 2.5 

6 7.2 

2 2.2 

1 2.0 

4 3.6 

1 1.8 

* Total no. cells/O.l ml=3.2X101. 
t On basis of independent transfer of transforming agents affecting different functions. 
Similar to experiment described in Table 2. 
Time of exposure: 20 min. Number of cells transferred from exposed population to each tube: 3280. 

the RI and RI1 mutations differ in their ability to interact with the SIII-1 muta- 
tion so as to produce fully encapsulated SIII-N transformants. One group of ex- 
periments consisted in exposing R1 and RI1 cells to the DNA extracted from 
streptomycin-resistant SIII- 1 strains. The latter included some SIII- 1 trans- 
formant (SIII-IRT) strains obtained by treatment of encapsulated cells with 
SIII-1 DNA. Another group of experiments consisted in treating SIII-1 (or 
SIII-IRT) strains with the DNA extracted from either RI or RI 1 mutant strains. 
The experiments involved 15 to 17 hours of exposure of a growing population of 
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SYNTHESIS OF POLYSACCHARIDE 1397 

TABLE 6 

Results of long-term transformation experiments comparing the interaction of 
R l  or R l l  and SUI-1 genomes 

Exp’t 

no. Reddent Donor 

Frequency of 

S V  SIII-N SIII-2 

369 RI SIII- 1 -str c. 10-4 < 1 W  c. 10-9 

374 RI SIII-I-str 
none 

43 7 RI SIII-I-str c. 10-4 < 10-5 C. 10-3 
SIII-I RT no. 21-str c. 10-4 <IO-5 c. 10-3 

none <10-7 < 10-5 <10-5 

507 RI SIII-1 RT no. 19-str c. 10-4 < 10-5 C. 10-3 
SIII-1 RT no. 31-str C. 10-4 < 10-5 C. 10-3 
SIII-N-str 3xlV c. 10-3 C. 10-3 
SIII-N ~ 1 0 - 7  c. 10-3 C. 10-3 

508 RI R36R-str c. 10-4 < 10-5 < 10-5 

447 RI1 SIII-N <10-T C. 10-3 C. 10-3 

510 RI 1 SIII-1 -str c. 10-4 c. 10-3 c. 10-3 
SIII-1 RT no. 19-str c. 10-4 c. 10-3 C. 10-3 
SIII-N-str c. 10-5 C. 10-3 c. 10-4 
R36R-str C. 10-4 < 10-5 < 105  

521 RI 1 SIII-1 RTno. 31-str c. 10-4 <IO” c.10-3 

576 SIII-1 RI-& c. 10-5 < 10-5 C. 10-3 

587 SIII-1 R11-str c .2~10-5  1.0~10-3 1.5~10-4 

515 SIII-1 RTno. 11-str RI . . . 5.5~10-5 c. 1 w  

519 SIII-I RT no. 31-str RI . . .  C. 10-5 c. 10-4 

579 SIII-1 R11-str c. 10-4 c. 10-3 c. 10-4 

Summary 

Recident Donor 

No. of experiments 
Total SIII- SIII- 
no. of SIII-N:- N : + +  N:few 

exueriments SIII-2:- SIII-2:i-t S111-2:tk 

RI SIII-1 (or SIII-1 RT) 6 6 0 0 

Rl1 SIII-1 (or SIII-1 RT) 3 0 3 0 

SIII-I (or RI 
SIII-1 RT) 

3 I 0 e 

SIII-1 RI 1 2 0 e 0 

++ = c. 10-4 or more; - = < I F ;  few = C. 1oJ 
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recipient cells to a saturating concentration of the desired DNA (RAVIN 1959). 
The results of the experiments are tabulated and summarized in Table 6. It will 
be seen that in a total of five experiments involving an interaction between SIII-1 
and Rl1 genomes, both SIII-N and SIII-2 transformants were always recovered 
at high frequency. However, in a total of nine experiments involving an inter- 
action between SIII-1 and R1 genomes, SIII-2 transformants were recovered at 
high frequency in every experiment, but SIII-N transformants were observed 
in only two of them. Furthermore, in these two experiments, the SIII-N trans- 
formants were not as abundant as the SIII-2 type of cell. 

These results demonstrate that the SIII-N genome is more difficult to recon- 
struct when the Rl and SIII-1 genomes are confronted (in a transformation 
experiment) than when the R11 and SIII-1 genomes are confronted. The loca- 
tions of the R l ,  R11 and SIII-1 mutations with respect to each other and to the 
SIII-2 mutation, could account for this finding, as will be discussed further below. 

Is the R36A mutation a multisite mutation?: AVERY, MCCARTY and MACLEOD 
(1944) derived from a type I1 encapsulated pneumococcus a capsule-deficient 
mutant of R phenotype which thereafter failed to undergo spontaneous reversions 
to the encapsulated condition. This strain, R36A, proved suitable, therefore, for 
transformgion studies, since control cultures devoid of transforming DNA never 
contained encapsulated cells. Many of the early transformation experiments 
dealing with the capsular character were performed with this strain. In addition, 
the R36A strain has been carried by serial transfer in a number of different 
laboratories and has given rise to a large number of subclones and special mutant 
lines (RAVIN 1959). 

As reported previously (RAVIN 1959), the R36A strain which has been carried 
for the past six years in our laboratory now fails to produce encapsulated trans- 
formants when treated with the DNA of encapsulated strains. This failure is not 
due to any inability of the R36A strain to incorporate genetic determinants other 
than the one affecting the capsular character. It has been shown (RAVIN 1959) 
that R36A will be transformed at high frequency to streptomycin resistance, but 
fails to become encapsulated, when exposed to the DNA extracted from 
streptomycin-resistant, encapsulated strains. 

Since R36A had been transformable for the capsular character in other lab- 
oratories, another subclone of the original R36A strain was obtained from DR. 
FRANCIS SIROTNAK. This strain had been obtained by the latter from DR. ROLLIN 
HOTCHKISS’ laboratory, where it had been derived as a subclone from R36A and 
designated “R6”. We shall refer to it in this paper as R36H in contradistinction to 
our own subclone, which will be referred to as R36R. 

The strain R36H is a competent strain for transformation and has proved to be 
capable of transforming for a number of genetic characteristics. In particular, it 
was noted that encapsulated transformants can be produced by treatment of 
R36H with DNA of an SIII-N strain. It appears, therefore, that the R36H muta- 
tion differs from the R36R mutation. As a further test of this conclusion, DNA 
transforming preparations were made from R36H and R36R after both strains 
had been previously rendered streptomycin resistant by transfer to them of the 
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TABLE 7 

Comparison of DNA R36H-str and DNA R36R-str on a variety of host strains 

Strain SIII-1 Strain Rx Strain Rz Strain R11 Strain R36H Strain R36R 

DNA DNA DNA DNA DNA DNA DNA DNA DNA DNA DNA DNA 
R36H- R36R- R36H- R36R- R36H- R36R- R36H- R36R- R36H- R36R- R36H- R36R- 

Occurrence of str str Str Str str str str str str str str str 

Streptomycin- 
resistance 
transformations + + + + + + + + + + + + 
transformations + - + - + - + - - - - - 

Capsular 

+ refers to frequency of transformation exceeding lo-’. - refers to frequency of transformation less than 10-8 in the case of streptomycin-resistance and less than in the 
case of encapsulation. 

str marker. These two DNA preparations were then tested on a variety of 
capsule-deficient strains. The results are recorded in Table 7, and in part of 
Table 6. I t  will be seen that encapsulated transformants can be produced by the 
confrontation of strains SIII-I, Rx, Rz and R11 with the DNA of strain R36H-str. 
On the contrary, when these same strains were confronted with the DNA of 
strain R36R-str, no encapsulated transformants were produced. (An exception 
has been observed only in the case of strain SIII-I treated with the DNA of 
TP R36R-str. In two of 16 experiments performed with controls lacking DNA, 
SIII-N cells were observed at low frequency in the experimental cultures.) 
Furthermore, no encapsulated transformants were produced when R36H or 
R36R were exposed to the DNA of either R36R or R36H. It is inferred, therefore, 
that there is an overlapping of the capsular mutations of R36R and R36H, but 
that the R36R mutation is more extensive, covering all the capsule-deficient 
mutations so far examined. 

DISC US S IO N 

Mutations impairing the ability of Pneumococcus to synthesize capsular 
polysaccharide are apparently quite common. The experimental results described 
in this paper lead to the conclusion that the independently arising mutations 
occur at different sites of the bacterial genome, but that these sites are very closely 
linked-for the same unit or particle of transforming DNA (presumably a 
single molecule) carries all of the different sites that mutated to cause capsule 
deficiency. These results lend further evidence to the conclusion ( HOTCHKISS 
1956) that the particle of transforming DNA is considerably larger than the 
genetic factor, the activity of which is being followed in a given experiment. The 
“capsule mutations” represent the largest series of closely linked genetic sites 
known in Pneumococcus, for at least nine separable sites (RI, Rl l ,  R27, R6H, 
Rx, Rz, SIII-1, SIII-IC and SIII-2) have been shown to occur on the same trans- 
forming particle. 

Presumably if more capsule mutations were studied, the number of separable 
mutable sites would be found to be greater still. Such large clusters of mutable 
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sites are not unusual in microorganisms, however, for the techniques of trans- 
duction and conjugation in bacteria, and of sexual recombination in the molds 
and yeasts, have uncovered many examples of such cases (for a review, see 
DEMEREC and HARTMAN 1959). 

Particularly relevant to the present study is BENZER’S extensive analysis 
(1957) of a particular region of the genome of bacteriophage T4. It has indicated 
that a muton, defined as the smallest element in the one-dimensional genetic 
array which, when altered, results in a mutation, may consist of no more than a 
very few nucleotides (not more than five). A recon, defined as the smallest 
element that is interchangeable by genetic recombination, appeared to be smaller 
than the muton. Taking the molecular weight of DNA to be 1.5 x lo7 (GOODGAL 
and HERRIOTT 1957), the average molecular weight of a nucleotide to be 
c. 3.0 x lo2, and assuming the transforming particle to be a molecule of DNA 
and that this molecule has the double-stranded helical structure of the Watson- 
Crick model in which a mutation occurs by change in the sequence of nucleotide- 
pairs in a particular segment of the double helix, it would follow that a few 
thousand mutations could be brought together by recombination onto a single 
molecule of DNA. 

While this estimate involves a certain degree of error (for example, the muton 
may be smaller than five nucleotides in length or the molecular weight of DNA 
may be somewhat less than that assumed above, etc.) , it is clear that a very large 
number of mutations can be represented in a given molecule of DNA. If, in 
general, a molecule of transforming DNA is concerned with a specific function in 
the metabolic economy of the cell, it is equivalent to a “complex locus”, that is, a 
region of the genome in which many closely-linked but recombinable mutations 
may occur to affect a particular cell function. (A “complex locus” may consist of 
one or more cistrons, a cistron being defined as a region within which any two 
mutations are functionally noncomplementary when present in the trans posi- 
tion in a cell diploid for this region.) 

The importance of the finding of such “complex loci” in an organism, such as 
Pneumococcus, in which DNA-mediated transformation occurs, is the possibility 
of conducting physicochemical studies of the DNA molecules which can transfer 
multiple “pieces of genetic information”. What relation exists, for example, 
between the physical size of a given segment of transforming DNA and the 
amount of information it can bear? What difference in base composition, if any, 
is there between the mutable sites of a complex locus? It is to be hoped that the 
mapping of complex loci in bacteria capable of undergoing DNA-mediated trans- 
formations will enable future physicochemical investigations of this sort. 

Unfortunately, the linked capsule markers do not lend themselves to quanti- 
tative estimates of the recombination distances between markers as readily as do 
markers that can be screened on selective media. For this reason, linkage is being 
sought among markers affecting antibiotic resistance or carbohydrate utilization 
(HOTCHKISS and EVANS 1958; RAVIN and IYER, unpublished). Nevertheless, it 
has been possible by means of the experiments described in this paper to establish 
the order of some of the markers in the capsule locus. The order shown in 
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R I  I m I i 

sm-l I I I I 

sm-2 I I 

RI1 I I i : 

a b  C 
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I I d 

I 
------- 

3 R36H __----- 
SlU-N I 

4 

sm reqion SII region ? 

FIGURE 2.-The probable order of several mutations causing impairment of type 111 polysac- 

Rx,Rs,S~-lc,R27 [- Unknown sites of mutation in thls region ’4 

charide synthesis. For explanation, see text. 

Figure 2 would account for the results obtained. In this order the SIII-1 and 
SIII-2 mutations lie between the RI and RI1 mutations, with the SIII-1 muta- 
tion lying between the RI and SIII-2 sites. The rarity of SIII-N transformants 
in reactions between SIII-I and RI would be explained as due to the fact that 
such transformants could be produced only if two   cross overs^' occurred within 
a short distance, namely, one “crossover” between sites a and b and the other 
between sites b and c. On the other hand, SIII-N transformants could occur more 
frequently in reactions between SIII-I and R11, since a single “crossover” 
(between b and c) could produce an SIII-N genotype. 

It is hypothesized that the original R36A mutation underwent at least one 
modification in the strain (R36R) maintained in our laboratory. The modifica- 
tion consisted in a mutation or deletion of the major portion of the capsule trans- 
forming agent. Thus, interactions are rarely possible between R36R and any of 
the other capsule-deficient mutations so as to restore the encapsulated condition. 
The R36R mutation is regarded as including the region mutated in R36H, so that 
encapsulated transformants cannot be produced from an R36R X R36H inter- 
action; but the R36H mutation is assumed to involve a much smaller segment, so 
that encapsulated transformants can be produced in interactions between R36H 
and SIII-1 or R11, for example. The stability of the R36R and R36H mutations 
can be explained by the extent of the mutation that would have to revert to the 
wild-type (SIII-N) condition in order for fully encapsulated cells to appear. 
Since the original R36A mutation occurred in a type I1 encapsulated pneumoccus, 
the region of the transforming agent responsible for type I1 polysaccharide syn- 
thesis is assumed to be linked to the type I11 region, and the R36A mutation is 
hypothesized to have extended into the type I11 region (shown to the left of the 
type I1 region in Figure 2). This assumption would be compatible with the 
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findings of AUSTRIAN, BERNHEIMER, SMITH and MILLS (1958), indicating link- 
age of the regions affecting type I and type I11 polysaccharide synthesis. 

One of the interesting outcomes of these experiments is the confirmation, 
using an independent test, of a conclusion deduced from studies of transforma- 
tions in clones derived from single pneumococci suspended in semisolid media 
(RAVIN 1954). This conclusion was that a transformation requiring a recombina- 
tion between host genetic material and part of the donor transforming DNA (so- 
called “allogenic” transformations) was due to a unique event and could occur 
with a greater frequency than transformations due to the substitution of an entire 
donor DNA agent for a homologous DNA agent in the host cell (so-called 
autogenic” transformations). This finding limits the number of models that 

can be proposed for the mechanism of transformation. A model that is eliminated, 
for example, is that replication of the transforming DNA agent precedes integra- 
tion into the bacterial genome. If replication did occur, either the replica or the 
parental transforming particle would have to disappear, since autogenic and 
allogenic transformants do not both descend from a recipient cell infected by 
only a single transforming agent. An acceptable hypothesis is that all or some 
part of the transforming particle is integrated into the nascent recipient genome 
as the latter is being completed during replication of bacterial DNA. When the 
integration occurs, whatever portion of the original transforming agent is unused 
is discarded. The actual integration might also occur by a copy-choice mecha- 
nism, presumably if the transforming DNA synapses in a precise way with its 
homologue in the existing bacterial genome and the nascent genome is produced 
by copying alternately from the exogenous transforming agent and the endo- 
genous homologue; in this case, after the copying takes place the template is 
destroyed. 

Certain of the results described in this paper suggest that the transforming 
particle may be transmitted in a unilinear fashion for an appreciable number of 
generations before the actual process of genetic integration occurs. This view is 
suggested by the distribution of the number of transformants in parallel tubes 
inoculated with small samples of cells treated with transforming DNA. The 
highest frequency of transformants observed in a given tube is what would be 
expected if: (1) the transforming DNA were incorporated into one member of a 
still-attached pair of cocci (or into one nucleus of a binucleate cell); and 
( 2 )  integration occurred within the first generation; but (3) one cell division 
had to occur before the cell (or nucleus) containing the transforming DNA were 
separated from its sister not containing a transforming agent. However, a con- 
siderable number of tubes contained a far lower frequency of transformants. In 
some tubes there was a hundredfold decrease in the proportion of transformed to 
untransformed cells compared with the proportion of cells containing trans- 
forming DNA actually inoculated into those tubes. To account for this result on 
the grounds that each “cell” in a pneumococcal culture is actually a single 
colony-forming chain of cells, would require the additional assumption that an 
appreciable number of the colony-forming units in a pneumococcal culture con- 
sisted of a hundred cocci. Direct microscopic counts of the chain-lengths in an 

c c  
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Exponentially growing pneumococcal culture, such as the ones used in these 
experiments, do not corroborate this assumption. Actually it is found that over 
50 percent of the colony-forming units are at most diplococci (chains of two 
cells), and that under ten percent contain more than eight cocci in a chain. No 
chains of more than 20-30 cocci were ever observed in this class, however. 

An alternative explanation for the low frequencies of transformants observed 
in certain tubes is that the transformants have a slower growth rate than the 
untransformed cells. This explanation faces a number of objections. First of all, 
why should the growth rate of the transformant differ from the normal growth 
rate in a nonuniform way among the parallel tubes-in some tubes varying 
unappreciably, in others considerably? Secondly, a distribution of the number of 
transformants is found regardless of the marker involved, such as eryz or str. 
Why should a similar impairment of growth rate be found for all types of trans- 
formed cells? Finally, reconstruction experiments in which transformed cells 
(str or ery,) are mixed with untransformed cells do not indicate any difference 
in growth rate. 

One possibility remains, however: that those cells which have just absorbed 
transforming DNA are set back, to a variable extent, in their growth. While 
other investigations have not borne out this possibility (HOTCHKISS 1957), it 
must be determined whether the particular conditions employed in the present 
experiments bring about this effect. Indeed, other studies of integration lag 
(HOTCHKISS 1956; EPHRUSSI-TAYLOR 1959) have not revealed such long lags as 
must be assumed to occur to account for the results of the present experiments. 
A definitive conclusion as to the cause of the distribution of the number of trans- 
formants in parallel cultures cannot, therefore, be made at this time. 

SUMMARY 

Several mutations resulting in impaired synthesis of type I11 capsular polysac- 
charide have been shown to occur at different sites on the same unit or particle of 
transforming DNA. Furthermore, the sites of some of these mutations relative to 
each other in a linear series could be determined. Certain mutations behaved in 
recombination as though they extended over long segments of the transforming 
DNA, covering several separable mutable sites. 

The conclusion is confirmed, by an independent test, that a transformation 
reaction requiring a recombination of part of the donor transforming DNA with 
host genetic material occurs as the result of a unique event. I t  is consistent with 
available evidence that all transformations involve recombinations with some 
part of the transforming DNA particle. 
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