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In 1963, it was reported that deoxyribonucleic acid (DNA)-mediated transforma-
tions could take place spontaneously between genetically distinguishable pneumo-
cocci growing in a living host, the mouse. It was found in the present study that such
transformations could be increased in frequency if infected animals were treated
with a drug which kills only one of the two infecting strains. The frequency of in
vivo transformations w4s also increased if the infection was prolonged. Interspecific
transformation between pneumococci and streptococci without the addition of
purified DNA was demonstrated both in vitro and in vivo. These results make it
seem more likely that DNA-mediated transformations occur in nature.

Since Griffith's discovery of type transforma-
tion in pneumococci almost 40 years ago (6), a
great deal of knowledge about genetic transforma-
tions in several bacterial genera has been ac-
cumulated. Most of this information has been
obtained by studying transformation reactions
produced by purified deoxyribonucleic acid
(DNA) reacting with competent recipient cells.
The occurrence of transformations under condi-
tions approaching natural ones for the bacteria
remained unknown. In 1960, the release of geneti-
cally active DNA by untreated pneumococcal
cultures was discovered (10). Later, it was found
that transformations could take place among
genetically distinguishable pneumococcal strains
growing in a living host, the mouse (12).
The present experiments elucidate some of the

circumstances under which transformations occur
spontaneously among bacteria in vivo.

MATERIALS AND METHODS
Pneumococcal strains. These strains have been

fully described previously (12). The features of these
strains pertinent to the present experiments are sum-
marized in Table 1.

Streptococcal strains. Streptococcal strains D and
NBS-1 belong to the Viridans group (1). Strains
DSmr and NSB-ISmr were made resistant to 1 mg of
streptomycin per ml by transformation with DNA
from a spontaneous streptococcal mutant. The mutant
was isolated by spreading 1010 to 1011 sensitive or-
ganisms on the surface of blood-agar plates containing
10 mg of streptomycin per ml (1). The lethal dose of
streptococci for mice is 3 X 10' colony-forming units
(CFU) injected intraperitoneally (ip). These strains
and a strain of Streptococcus salivarius were kindly
supplied by C. M. MacLeod.

Transformation system. Transformation of
R36NCSmr by DNA from IIIS-IR6 produces pneu-
mococci which are fully encapsulated type III cells
and which form large, mucoid colonies typical of
naturally occurring, virulent type III strains. The
transformant is highly virulent for mice and is strepto-
mycin-resistant so that it is easily distinguished from
either parental strain and also has a selective ad-
vantage over either parent in the mouse (12; Table 1).
The streptococcal strains can act as either donors or
recipients of the drug-resistance markers which were
used.

Transformation method. Mice of CFW and ICR
strains, weighing 18 to 20 g, were injected ip or subcu-
taneously, or both ways. The cultures to be used in
transformation experiments were incubated at 37 C
for 12 to 16 hr in 1% neopeptone-beef heart infusion
broth containing 2% fresh defibrinated rabbit blood
and then were diluted appropriately into fresh broth.
Separate syringes and needles were used for different
bacterial strains. For control experiments, pancreatic
deoxyribonuclease (I X recrystallized, Worthington
Biochemical Corp., Freehold, N.J.), in a final con-
centration of 10,ug/ml, and MgSO4.7H20 (0.007%)
were added to each culture before injection.

Detection of transformation. A loop of heart blood
from each mouse (found dead or sacrificed) was
streaked on Brain Heart Infusion Agar (BBL) con-
taining 5% horse blood and the appropriate anti-
biotic(s). To detect small numbers of transformants,
as much as 0.1 ml of heart blood was also inoculated
into neopeptone-blood-broth containing 10 gg of
pancreatic deoxyribonuclease per ml to prevent in
vitro transformation from taking place (12). After
overnight incubation at 37 C, the blood-broth cultures
were streaked on horse blood-Brain Heart Infusion
Agar containing the appropriate selective drug(s).
The capsular type of the smooth colonies was identified
immunologically by using the Quellung method and
rabbit antisera.
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Transformants producing type III capsule in large
amounts are highly virulent, so that one transformed
cell can cause the death of a mouse. The limit of
resolution of the detection method for the less virulent
transformants was considerably less and depended on

the volume of heart blood or peritoneal fluid used.
For one transformant to be picked up in 0.1 ml of
blood, at least 30 to 50 transformants must be present
in the circulation. Since the time at which transforma-
tion took place after infection is unknown, and the
number of times the transformant divided is also
unknown, the frequency of bacterial transformation in
a given mouse could not be determined.

RESULTS
Effect of streptomycin treatment on the fre-

quency of in vivo transformations. Each of a num-
ber of mice was injected ip with 107 to 2 X 107
CFU of IIIS-IR6 and 108 to 2 x 108 CFU of
R36NCSmr pneumococci (Table 1). Four hours
later, each mouse received 2.5 mg of streptomycin
sulfate (Eli Lilly & Co.) intramuscularly. Some
animals were sacrificed, autopsied, and
cultured 8 hr after infection; others were ob-
served for as long as 1 week, at which time all of
the surviving mice were sacrificed, autopsied,
and cultured. The results are summarized in Table
2.

Streptomycin treatment increased the incidence
of spontaneous transformations among pneu-
mococci in mice. This observation was also re-
ported by Conant and Sawyer (4). In our experi-
ments, however, streptomycin did not prolong
survival. All deaths occurred within 48 hr. In
addition, we observed that transformants could
be detected as early as 8 hr postinfection and
that even at this early time streptomycin increased
the incidence of transformation. The streptomycin
did not act as a selective agent for spontaneous
mutations of the IIIS-IR6 to resistance, since these
mutants could be distinguished by their small
capsule (Table 1). Streptomycin did not merely
give a growth advantage to a few transformants,
since, as can be seen from Table 2, the total

number of transformants (rather than those
found in animals which died) was almost twice
as great as in the absence of streptomycin. in
addition, as observed by Conant and Sawyer (4),
streptomycin does not alter the transformation
frequency in the presence of deoxyribonuclease.
Smaller doses of streptomycin (0.25 mg per
mouse) had very little effect.

In sufficient dosage, streptomycin, by killing
the susceptible IIIS-IR6 pneumococci, probably
caused the release of genetically active DNA in
larger amounts and therefore increased the
incidence of transformation in vivo. These results
are in agreement with those on in vitro trans-
formations reported previously (11).

In these cases, the pathogen is sensitive to the
chemotherapeutic agent, but the chance of a fatal
outcome is increased by antibiotic treatment
because the already drug-resistant nonpathogen
was transformed to capsule synthesis and thereby
to virulence.

Transformation after injection of pneumococcal
strains at different sites. In 1959, Hall and Gale
(7) achieved pneumococcal transformation in
mice by injecting a lysate of a type III Pneu-
mococcus subcutaneously and a live rough Pneu-

TABLE 2. Effect of streptomycin treatment on
pneumococcal transformations in the mouse

No. of mice from which transform-
ant pneumococci (III-R36NCSmr)

were isolated
Determination

Streptomycin No streptomy-
treatment cin treatment

Sacrificed at 8 hr . 17/39 (44)a 4/27 (15)
Sacrificed at 7 days... 0/12 (0) 0/14 (0)
Died. 30/30 (100) 17/23 (74)

Total 47/81 (58) 21/64 (33)

aNumbers in parentheses
ages.

represent percent-

TABLE 1. Characteristics ofpneumococcal strains

Strain designation Colony type on agar Streptomycin resistance Average ip lethal dose

IIIS-IR6' Small, smooth type III Sensitive 2 X 107
R36NCSmr Rough 1 mg/ml 2 X 108
IIIS-R36NCSmr Large, smooth type III 1 mg/ml 2 X 102
CD-VII-Smr Small, smooth type VII 1 mg/ml 5 X 104
R36NCeryr b Rough Sensitive 2 X 108
R6 Rough Sensitive 2 X 108

When this strain acquires streptomycin resistance by mutation or transformation, the colonies
remain small and smooth.

6 Resistant to 0.1 ug of erythromycin (Ilotycin gluceptate, Lilly) per ml.
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mococcus ip. In view of the above and of our
present results, we tested whether live pneu-
mococci injected subcutaneously in the neck
region could bring about transformation of live
pneumococci injected ip and vice versa.

Eight experiments were performed. In five of
the experiments, a total of 61 mice was injected
subcutaneously with 107 to 2 x 107 CFU of
IIIS-IR6 and ip with 108 CFU of R36NCSmr.
The animals were sacrificed at 24, 48, and 72 hr,
and no transformants were found. In two experi-
ments involving 20 mice, the rough pneumococci
were injected into the neck, and the smooth forms
were injected into the peritoneal cavity. Again, no
transformants were found. Streptomycin treat-
ment had no effect. (With this type of mixed
infection, about 80% of mice do not die.)

In one experiment, identical in all respects to
those described above and in which the rough
culture was injected ip, transformants were

isolated from each of the 10 mice injected. Two
of the 10 mice died within 48 hr, and the others
were sacrificed and autopsied during the next
5 days. Transformants were isolated from the
heart blood of 4 animals, the peritoneal cavity
of 1 animal, and the neck region of all 10 animals.
The transformants were type III, streptomycin-
resistant, but had a small capsule. Evidently,
in this case, hematogenous spread of either
intact R36NCSmr or genetically active R36-
NCSmr nucleoprotein occurred. Deoxyribo-
nuclease controls were negative.

Transformation can occur among bacteria
originating in different sites but this phenomenon
s not easily reproduced. Conant and Sawyer (4)
i

reported the frequent occurrence of such trans-
formations but were never able to isolate trans-
formants from the subcutaneous site of infection.

If the right conditions are met (as in the above
experiment), transformations can occur in 100%
of infected animals and the transformants can
persist for several days in the subcutaneous
region.

Effect of chronic pneumococcal infection on
spontaneous transformation in mice. Pneumo-
cocci introduced into mice by various routes
either cause death of the animal within 24 to 72
hr or are completely destroyed by host defense
mechanisms within that time. However, under
certain conditions and with certain pneumo-
coccal strains, we observed infections lasting
more than 21 days. These experiments will be
reported in a separate publication.
The reason for trying to produce chronic

pneumococcal disease in mice was that pro-
longed infection could offer continued oppor-
tunities for genetic exchange among the bac-
teria.
Spontaneous transformation experiments were

also carried out with a type VII Pneumococcus
(CD-VII) isolated by T. Salzman from a patient
at Bellevue Hospital who had a protracted atypi-
cal bacterial pneumonia. This strain caused
prolonged infection in mice and proved to be
transformable in vitro. Results of transformation
experiments with CD-VII are summarized in
Tables 3 and 4.

It is evident that after mixed infection with
CD-VII-Smr and R36NCeryr strains, trans-
formations did occur in mice. The three types

TABLE 3. Types of spontaneous bacterial transformations during chronic infection in mice

Bacteria injected Transformants found

No. Strain Markers No. Type

Pi CD-VII-Smr VII capsule; streptomycin T, CD-VII-Smr eryr (transformation
resistance of P1 to eryr)

P2 R36NCeryr Erythromycin resistance Ta R36NCSmr eryr (transformation of
P2 to Smr

Ts VII-R36NCeryr (transformation of
P2 to capsule type VII)a

a It was sometimes difficult to distinguish rough forms from these atypical type VII pneumococci by
colonial morphology alone. To insure proper identification and to avoid doing a capsular swelling
reaction with cells from each colony, blood was omitted from the plates and an overlay was poured on
each plate. The overlay consisted of 5 ml of 1% Brain Heart Infusion Agar and 0.2% rabbit anti-VII
serum. After 4 days at 37 C, colonies of type VII had a precipitation band around them. (Fig. 1). To
distinguish T1 from Ts on initial isolation from mice, a loop of heart blood and ip fluid from each mouse
was placed in broth containing (i) anti-VII serum and erythromycin and (ii) anti-VII serum, erythro-
mycin, and streptomycin. If growth and agglutination occurred in tube (i) but not in tube (ii) transfor-
mation of R36NCeryr to capsule type VII must have occurred in that animal.
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TABLE 4. Frequency of spontaneous transfor-
mations in micea

Injecting dose No. of No. of
mic zuce with Per cent

CD-VII-Smr R36NCeryr ieore nts

1.5X 104 1.5X 107 6 1 17
1.5 X 106 1.5 X 107 7 4 57

2 X 106 to 2 X 108 27 25 93
3 X 106

107 2 X 108 10 10 100
2 X 107 to 2 X 108 8 8 100

3 X 107

a Total number of mice injected, 58; total
number of mice with transformants, 48; per cent with
transformants, 83.

FiG. 1. Agar-antiserum plate showing precipitation
ring around colonies of CD-VII pneumococcus and no
ring around the rough pneumococcal colonies. Magnifi-
cation, IX.

of transformants which were isolated indicated
that transformation occurred in both directions;
that is, either strain could act as a donor or as a
recipient of genetic material, and all of the mark-
ers were transferred.

Infection of mice with unencapsulated pneumo-
cocci speeded up the usual course of CD-VII
infection so that most of the animals died after 1
week instead of over a period of 3 weeks. Trans-
formants usually were detectable within 24 hr
and persisted in fairly large numbers (102/ml
of heart blood) for the life of the animal. The
number of mice in which at least one detectable
transformation event took place approached
100% (Table 4). With inocula of 1.5 X 107

or 2 X 108 rough pneumococci and from 2 x 106
to 2 X 107 IIIS-IR6, the percentage of mice in
which transformation can be detected remains
below 40% (12). Therefore, the high incidence
of mice with transformations in the experiments
summarized in Table 4 is due to the presence of
the CD-VII-Smr.

In every mouse from which transformants
were isolated, type T, (Table 3) was recovered
in large numbers. Thus, strain CD-VII seems
to be a highly competent strain for transforma-
tion in vivo in spite of the polysaccharide capsule
which might act as a physical barrier to DNA
penetration (14). The least frequently encoun-
tered transformant was T3, although it also was
encapsulated. R36NCSmr was a good recipient
for the erythromycin resistance marker, but it
was less able to accept the sequence of nucleo-
tides directing polysaccharide type VII synthesis.

This series of experiments demonstrates that a
strain of Pneumococcus which can produce
subacute infection in the mouse may be highly
competent either as a donor or as a recipient of
transforming DNA in vivo. Thus, pneumococcal
infection lasting up to 7 days instead of the usual
24 to 48 hr does seem to provide increased op-
portunities for transformation to take place, and
the polysaccharide capsule which only partially
prevents DNA penetration in vitro does not
impede transformation of virulent pneumococci
to antibiotic resistance in vivo (14).

Spontaneous transformaftons between stepto-
cocd and pneumococci. Interspecific transforma-
tions mediated by purified DNA have been
reported and described (9, 16). Because pneumo-
cocci and streptococci both normally reside in
the human nasopharynx, it was of interest to
determine whether transformation between these
species could occur spontaneously.

Therefore several pneumococcal and strepto-
coccal strains were tested both in vitro and in
vivo. For the in vitro tests, 0.5 ml of cell-free 3-hr
culture ifitrates (Millipore Corp., Bedford, Mass.;
0.45 Mm) were employed as a source of trans-
forming DNA (Table 5).

Transformations of pneumococci by strepto-
coccal filtrates and of streptococci by pneumo-
coccal filtrates did occur regularly but in-
frequently. Streptococcus NBS-1 was a poor
recipient but a good donor. The culture filtrates
of NBS-1 did not markedly reduce the trans-
forming activity of a known amount of purified
streptococcal or pneumococcal DNA when the
DNA was incubated in filtrate for 30 min at 37 C
before use in a standard transformation experi-
ment. The ifitrates from S. salivarius behaved in a
similar fashion, but those from strain D destroyed
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transforming activity almost completely. The
conclusion from these data and from previous
transformation inhibition studies (11) is that
NBS-1 and S. salivarius produce very little active
deoxyribonuclease with growth but are, never-
theless, poor recipients.

Since interspecific transformations mediated by
DNA in culture filtrates occurred at low fre-
quency, it was hoped that, by allowing pneumo-
cocci and streptococci to grow in each other's
presence, the transformation yield might im-
prove.
One tube containing 7 ml of beef heart infu-

sion broth was inoculated with 108 CFU of each
bacterial strain. After an incubation period of 7
hr at 37 C, the mixed culture was diluted and
plated on Brain Heart Infusion Agar containing
the appropriate antibiotics. The results are
summarized in Table 6 and are due to DNA-
mediated transformations for the following
reasons. (i) The number of cells which acquired
streptomycin resistance from exposure to cell-
free ifitrates of resistant organisms varied from
about 10 to more than 1,000 per ml out of a total
recipient population of 107; the spontaneous
mutation rate to high-level streptomycin re-
sistance is only 0.5 X 10-8 to 4 X 10-8 for pneu-
mococci and 2 X 10-10 to 8.4 X 10-10 for strep-
tococci (15). (ii) Deoxyribonuclease (10 gg/ml)
completely prevented such transformation; these
controls were done at least once with each
combination of bacteria and many times with
the pneumococcal filtrates (11). (iii) The genetic
activity of cell-free filtrates precludes a conjuga-
tional mechanism (which, to date, has never been
found in pneumococci or streptococci).

In these experiments, interspecific transforma-
tions occurred at a much greater frequency than
in the filtrate experiments probably because cells
reaching the competent state could adsorb trans-
forming DNA before competence disappeared;
some of the transformants would also have
divided.

TABLE 5. Frequency of interspecific transforma-
tions mediated by culture filtrates in vitroa

Source of filtrate

Recipient strain
(107 CFU/ml) Screpuo- Strepto- S. saliv- Pueumococcus

coccusr coccus argus 6rNBS-ISmr DSmr Smr

Streptococci
NBS-1 4-b NDc ND ND
D + + ++ +

Pneumococci
R36NC + ND ND ++++
R6 +++ + + ++++

a Symbols: i, <10 transformants per ml of
recipient culture; +, 10 to 20 transformants per
ml of recipient culture; ++, 20 to 100 transform-
ants per ml of recipient culture; +++, 100 to
1,000 transformants per ml of recipient culture;
++++, > 1,000 transformants per ml of recipient
culture.

b Observed once.
c Not done.

In view of the encouraging results from the
in vitro experiments, we looked for spontane-
ously occurring in vivo interspecific transforma-
tions in the mouse.
The experiments were carried out as previously

described. The LD5o for streptococcal strain D
injected ip was found to be 3 x 101 CFU per
mouse. Therefore, each mouse was injected with
108 to 3 X 108 CFU of streptococci and 2 X 108
to 5 X 108 CFU of pneumococci. Because of the
rapid clearance of streptococci from heart blood
and peritoneal cavity (Fig. 2), animals were
sacrificed over a 2-hr period after the last injec-
tion and transformants were looked for as de-
scribed. These streptococci can be easily dis-
tinguished from pneumococci by colonial size
and morphology. Species identification was con-
firmed by bile solubility and by agglutination
of rough pneumococci with specific rabbit anti-
serum. The data are summarized in Table 7.

TABLE 6. Interspecific mixed culture transformations in vitroa

Transformants
Parental strains (pneumococci + streptococci)

Type No. per ml

R36NCSmr + NBS-leryr R36NCSmr eryr 130-175
R36NCeryr + NBS-1Smr NBS-1Smr eryr 70-100
R36NCSmr + Doeryr 0
R36NCeryr + DSmr DSmr eryr 1,000-2,000
R36NCSmr + DSm' DSmr 10,000-100,000

a The rate of spontaneous mutation to streptomycin resistance was 0.5 X 10- to 4 X 10-i for pneu-
mococcus and 2 X 10t1 to 8.4 X 10t1 for streptococcus. The rate of spontaneous mutation to erythro-
mycin resistance is in the range of 0-- to 2 X 1O8 for both species (15).
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FIG. 2. Disappearance of streptococcus D from
mice after intraperitoneal injection of 4.9 X 108 CFU
per mouse.

As can be seen from Table 7, spontaneous
transformations between pneumococci and strep-
tococci did occur in the mouse. Most of the trans-
formants were streptococci which had picked
up pneumococcal DNA. These results are not
unexpected since competence lasts longer in
streptococcal than in pneumococcal cultures
(1, 9). Both streptomycin and erythromvcin

resistance were transferred. The frequency of
transformation was quite high in that 75% of the
animals had at least one transformant. Although
the number of controls was small, in each ex-
periment in the absence of deoxyribonuclease at
least two of six and in three experiments five of
six animals had a detectable transformant in the
peritoneal fluid; therefore, the total absence of
detectable transformants in the deoxyribonu-
clease controls is meaningful.
When the mice were sacrificed at 24 hr post-

infection or later, very few bacteria and very few
transformants were recovered since neither rough
pneumococci nor these streptococci are virulent
for mice. In conclusion, spontaneously occurring
DNA-mediated transformation does occur be-
tween two species of bacteria in vivo.

DISCUSSION

The experiments described demonstrated that
DNA-mediated transformations of certain bac-
teria may occur spontaneously in a living host
(mouse) under a variety of conditions. Several
antibiotic resistance markers and pneumococcal
capsular markers (and therefore virulence
markers) could be transferred reproducibly and
with a high degree of frequency. When one of the
two bacterial strains participating in the mixed
infection was resistant to streptomycin, treat-
ment of the animal with streptomycin increased
the incidence of transformation, probably because
of the increased release of genetic material from
the dying, sensitive cells.
The infecting bacteria were found to partici-

pate in transformations when inoculated in
different sites, although not as well as when
inoculated into the same site. These results were
to be expected in view of the presence of nucleases
in the blood and body fluids of mice which
would inactivate much of the released nucleo-
protein so that transformation would depend
primarily on hematogenous spread of intact
bacteria. What is of interest, however, is that
such transformations did occur at all.
When infections were prolonged, transforma-

tions occurred with greater frequency than in
short-term, acute infections probably because
of the increased opportunities for cell-to-cell
interactions.

Interspecific spontaneous transformations were
observed both in vitro and in mice suffering from
a mixed pneumococcal and streptococcal in-
fection. In fact, streptococci were transformed
in vivo by pneumococcal DNA with great
facility, as also occurs with purified DNA in
vitro (9).
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TABLE 7. Interspecific transformations occurring in vivo

No. of mice with
transformants5 Total no. ofParental strains (streptococci plus mice with Type of transformant

pneumococci) transformant
ipFud Heart trnfras
ipFud blood

DSm' + R36NCSmr 5/6 2/6 5/6 DSmr
DSmr + R36NCeryr 2/6 0/6 2/6 DSmr eryr
DSmr + R36NCeryr 5/6 1/6 6/6 DSmr eryr + R36NCeryr Smr
DSmr + R36NCeryr 5/6 1/6 5/6 DSmr eryr
DSmr + R36NCeryr + deoxyribo- 0/6 0/6 0/6
nuclease (control)

a In total, 17 of 24 (71%) mice had transformants in ip fluid; 4 of 24 (17%) had transformants in heart
blood. The total number of mice with transformants was 18 of 24 (75%).

Since the discovery of cell-to-cell transforma-
tions in Pneumococcus, other investigators have
found such transformations in B. subtilis (5, 18)
and H. influenza in vitro and have confirmed
our work with pneumococci in vivo (4). This
paper extends these observations to strepto-
cocci.
There is a growing body of evidence which

indicates that release of DNA during growth
of several bacteria in vitro (2, 3, 16) and during
an infectious process may be a fairly widespread
phenomenon. The chances for successful in vivo
transformation may be greatly increased when
the infection is prolonged. Since it is now clear
that transformations can also occur between
cells of different species, the role of such processes
in nature may be of greater significance than
supposed previously. The data reported here
support the idea that spontaneous transforma-
tions may occur in nature and that they may
play a role in bacterial infections. For example,
bacteria such as the Viridans group of strepto-
cocci, which are part of the normal flora of the
human nasopharynx, may be resistant to an
antibiotic such as erythromycin because of muta-
tion and selection from previous antibiotic
therapy of the individual involved. If the patient
now develops a pneumococcal infection, the
pneumococci may be transformed to erythro-
mycin resistance and may no longer be amenable
to therapy by this drug. Thus, the rising inci-
dence of antibiotic-resistant pneumococci in
man (13) may be due to transformations as
well as to mutations. The genes of one strain or
species might, by transformation, become avail-
able to another. These possibilities for genetic
mixing were discussed previously by the author
and others (4, 8, 11).

Exchange of genetically active DNA by bac-
teria invading a living host has been demon-
strated to occur frequently and reproducibly.

These experiments indicate that DNA-mediated
transformations may occur in nature.
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