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Under most conditions in vitro, bacteria be-
longing to pathogenic species tend to undergo
population changes that involve the progressive
establishment of avirulent (e. g., R) variants
in initially virulent populations (Braun, 1953).
In contrast, virulent (e. g., S) cell types attain
high selection values while in competition with
R type cells in vivo, i. e., within susceptible
hosts. In the course of recent studies with
Brucella species, it had been found that this
typical direction of population changes, i. e.,
from R -÷ S, in vivo, could be duplicated in vitro
provided deoxyribonucleic acid (DNA) + de-
oxyribonuclease were added to the culture me-
dium (Braun and Whallon, 1954; Braun, 1956).
It subsequently was demonstrated that this
selective effect was independent of the source
of the DNA, could not be reproduced by any
known DNA breakdown product, and involved
a capability of the virulent S cells to convert a
DNA product of relatively large molecular size
into a toxic factor for avirulent non-S cells
(Braun et at., 1957b; Braun, 1958). A cursory
survey among a few bacterial species, including
Diplococcus pneumoniae, Salmonella typhosa,
Staphylococcus aureus, and Vibrio comma, in-
dicated that the selective effects in vitro of
DNA + deoxyribonuclease were not restricted
to brucellae. Further investigations with pneu-
mococci, however, revealed that the mechanism
responsible for the altered selective value of
virulent cells in cultures containing DNA +
deoxyribonuclease can differ significantly from
that previously elucidated in studies with bru-
cella populations. In the case of pneumococcal
populations subjected to the effects of DNA +
deoxyribonuclease, a selective stimulation of the
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multiplication of virulent cells, rather than a
selective inhibition of the avirulent cells, proved
to play a major role (Firshein and Braun, 1958).
Details of this selective mechanism and its role
in certain phenomena in vitro and in vivo will
be described in the present report.

MATERIALS AND METHODS

S and R strains of D. pneumoniae, belonging
to or derived from types I, II, III, V, VII, and
XIV were kindly supplied by Dr. R. Austrian.
These strains were maintained on, and for the
preparation of inocula grown on, brain heart
infusion agar medium (Difco) supplemented
with 5 per cent sterile defibrinated rabbit blood.
The blood supplement was reduced to 1 to 2
per cent in plates used for the detection of
smooth and rough colonial characteristics. Liq-
uid brain heart infusion medium, supplemented
with 0.25 per cent rabbit blood, was employed
in all growth and population studies. Cultures
were routinely inoculated with 1 X 107 cells
per ml, obtained from 18- to 20-hr-old agar slant
cultures, and incubated at 37 C, usually for 48
hr. Inocula were adjusted turbimetrically, and
in the case of mixed inocula (99.9 per cent R
+ 0.1 per cent S), appropriate dilutions of R
and S cell suspensions were mixed before the
addition of 0.2 ml of the cell suspension in
saline to 3.0 ml of medium per test tube. Stock
media were prepared in double strength, and
for use were diluted 1:1 with distilled H20 or
with supplements dissolved in H20. The ex-
tent and rate of growth were determined by
conventional viable counts (serial dilutions of
samples and plating on brain heart infusion-
blood agar). In the case of rough cells, where
clumping and chain formation tend to compli-
cate counting of minimal reproductive units
(Lerman and Tolmach, 1957), control compari-
sons were made microscopically to assure that
changes in viable counts following certain al-
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terations in environmental conditions were not
due to an altered degree of clumping or chain
formation. Population changes were determined
as described for studies with brucellae (Braun,
1946). This involved principally the streaking
on agar media of aliquots from at least duplicate
liquid cultures, and subsequent determination,
by checking at least 100 colonies per plate, of
the percentage of different colonial types. Ap-
propriate preliminary tests on replicate cultures
established the statistical significance of this
procedure as applied to the estimation of pneu-
mococcal population changes. Since repeated
sampling of one culture tended to alter the rate
and extent of population changes, presumably
due to the resulting alterations in oxygen ten-
sion, separate sets of duplicate cultures were
prepared for each sampling period in cases
where readings were made repeatedly over a
period of time.
DNA was extracted and purified from Bru-

cella abortus strain 19-M, by the procedure of
Braun et al. (1957a), from pneumococci by a
method described by Hotchkiss (1957), and
from calf thymus by the procedure of Kay et al.
(1952). All DNA preparations were stored as
a precipitate in 95 per cent ethanol at 5 C and
dissolved in saline for use. Pancreatic deoxy-
ribonuclease (DNAase, Worthington) was pre-
pared by dissolving the 1 X crystallized enzyme
in 0.03 M MgSO4.7H20. In routine use, 450 ,g
DNA, as determined by the Stumpf (1947)
modification of the Dische reaction, and 100
,ug deoxyribonuclease were added to each cul-
ture (final culture volume, 3 ml). Before ad-
dition to the concentrated culture medium,
DNA and deoxyribonuclease usually were
mixed, allowed to stand for 1 hr at room tem-
perature, and sterilized by filtration through
sintered glass. All of the commercially prepared
nucleic acid breakdown products employed in
this study were similarly sterilized by filtration
through sintered glass.

For studies with resting cells, the bacteria
were grown in a casein-tryptone-yeast extract
medium (CAT medium, Marmur and Hotch-
kiss, 1955), washed twice and suspended in
0.02 M phosphate buffer, pH 7.5, supplemented
with 0.1 per cent glucose, 1 per cent enzymatic
digest of casein (N.Z.case), and catalase (25 ug
per ml). As a rule, the suspending medium was
prepared in double strength, and before final

dilution supplemented with the various DNA
breakdown products to be tested. Deoxyribo-
nuclease was allowed to act on DNA for 2 hr
before addition to the suspensions. DNA deter-
minations on these resting cell suspensions,
shaken at 37 C for various periods of time,
were made by hot trichloroacetic acid extrac-
tions of acid precipitates (Morse and Carter,
1949) which had been defatted by alcohol-ether
mixtures. The level of acid-insoluble deoxypen-
tose in these extracts was then determined
colorimetrically (Stumpf, 1947).

RESULTS

Initial tests with inocula of R cells derived
from types I, II, III, V, VII, and XIV con-
firmed that even after prolonged incubation
(up to 5 days) in either brain heart infusion,
casein-tryptone-yeast extract, or neopeptone
broth (Austrian, 1953), few (in the case of type
V-derived R cultures) or no population changes,
involving the establishment of S mutants, took
place. This population stability may be re-
garded as a reflection of extremely low spon-
taneous mutation rates from R -- S in most of
these strains, a fact that has made such popula-
tions particularly good material for the study of
transformation reactions. Even when a few S
cells (<0.1 per cent), of the type specificity
corresponding to the progenitor of the R popu-
lation, were added with the inoculum, either
no population changes to S (types I, II, and
VII) or only a limited selective establishment
of S cells occurred (types III and XIV); exam-
ples demonstrating the fate of such populations
in brain heart infusion broth are shown in
table 1. However, after the addition of DNA +
deoxyribonuclease to such cultures, rapid popu-
lation changes involving the establishment of
S type cells were observed with all of the R
cultures to which a few S cells had been added
initially (see examples in table 2). The require-
ment for the addition of a few S cells to initiate
R -* S population changes in the initially pre-
dominantly R cultures is believed to be due to
the already mentioned low spontaneous rates
of mutation from R -k S, which may cause a

lack of "raw material" for selection in the
course of the relatively limited period of growth
in broth cultures of pneumococci. However, de-
spite the need for mixed inocula to initiate
R -> S population changes in the presence of
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TABLE 1
Population changes in aging broth cultures initiated with either homogeneous or mixed inocula of several

pneumococcal strains

Percentage of Smooth in Brain Heart Infusion-Blood Broth*
Pneumococcal Strains Inoculum

0 hr 24 hr 48 hr 5 days

S-VI 100% S 100 100 100 NG
R-I192 100% R 0 0 0 0

S-VI + R-I192 {0.1%S + 99.9% R 0.1 0 0 0
99% S + 1% R 99 40 0.1 0.1

S-D39 100% S 100 98 85 NG
R-36A 100% R 0 0 0 0

S-D39 + R-36A :S0.1%S + 99.9% R 0.1 0.1 0 0
S-D39+ R-36A99% S +1% R 99 10 0 0

S-A66 100% S 100 100 100 100
R-A66 100% R 0 0 0 0

S-A66+R-A66o.1%S+ 99.9%R 0.1 8 15 20
S-A66 + R-A66 J {99% S + 1% R 99 85 89 70

S-VII 100% S 100 50 0 0
R-VII 100% R 0 0 0 0

S-VII+ R-VII 99% S+ %R 99 0 0 0

* Averages from duplicate samples. NG = no growth.

DNA + deoxyribonuclease, several reasons sug-
gest that the results may be regarded as reflect-
ing natural trends. First, a rough culture (R-V
497) was found that had sufficiently high muta-
tion rates to permit population changes to S to
occur in initially 100 per cent R, DNA + de-
oxyribonuclease-supplemented cultures (table
2); also, in subsequent tests with other experi-
mental culture modifications this R culture dis-
played responses similar to those occurring in
initially R + S cultures. Moreover, subsequent
findings have revealed that the effects of DNA
+ deoxyribonuclease involve primarily modified
growth responses of S cells, thus minimizing
the importance of the origin of R cells, and with
it any possible criticism of a misleading artificial
situation that might result from the use of
mixed inocula containing, in some cases, only
distantly related S and R cells.
Using cultures with mixed inocula as con-

venient model systems, it was established that
supplementation of cultures with either DNA
or deoxyribonuclease alone failed to promote
R -* S population changes whereas DNA + de-
oxyribonuclease did support such changes. The

rate of changes occurring in the presence of
DNA + deoxyribonuclease, as well as the
amount of supplementation required, varied
with the strains used (table 2).
As illustrated by the example in table 3, the

DNA + deoxyribonuclease effect was essen-
tially unaffected by the source of the DNA and
the medium employed. Subsequent tests showed
that DNA freshly isolated from calf thymus by
either the 0.5 per cent phenol (Braun et al.,
1957a) or the duponol (Kay et al., 1952) extrac-
tion procedures yielded equally effective start-
ing materials. WVithin the range tested, the
effects proved independent of the initial per-
centage of S cells (ranging from 0.1 to 16), the
inoculum size (1 X 106 to 1 X 10), and the
concentration of blood (0.5 to 2.0 per cent) in
the medium.
These data demonstrated that similarly to

the previous observations (Braun and Whallon,
1954; Braun, 1956) with B. abortus, supplemen-
tation of growth media in vitro with enzymatic
digests of DNA produced a significant selective
advantage for virulent pneumococci inl initially
predominantly avirulent populations. That this
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TABLE 2
Effect of deoxyribonucleic acid (DNA) + deoxy-

ribonuclease upon population changes of various
pneumococcal strains in aging broth cultures

Conc of Supple- Percentage of
ment in Brain Smooth in
Heart Infusion- Brain Heart
Blood Broth Infusion-

(sg/ml) Inoculum Blood Broth*

Deoxy-
DNAt ribonu- 24 hr 48 hr

clease

130 25 S-VI (1%) + R-I192 100 100
65 13 (99%) (both of type 100 100
130 I origin) 6 8
_ 25 1 0
-- ~~~~~~~~00

130 25 S-VI (1%) + R-36A 2 75
65 13 (99%) (S = type I; 1 26
130 R originated from 1 2

25 type II) 0 1
-_- 1 1

130 25 S-A66 (1%) + R-A66 4 38
65 13 (99%) (both of type 10 95
32 6 III origin) 6 49
65 - 8 10

- 13 5 7
4 20

130 25 R-V497 (100%) (orig- 16 80
65 13 inated from type V) 4 20
130 - 1 3
- 25 1 4
-- ~~~~~~~~~14

* Averages from duplicate samples.
t From Brucella abortus.

result, as in the case of B. abortus, was due to an
alteration of selective effects rather than any
process involving transformation reactions, was
supported by the data shown in table 4. Using
DNA derived from streptomycin-sensitive, type
II, smooth pneumococci, added in conjunction
with deoxyribonuclease to cultures initiated
with 99 per cent streptomycin-resistant R
cells + 1 per cent streptomycin-sensitive S cells,
population changes were obtained that involved
the gradual establishment of the initially pres-
ent streptomycin-sensitive S cell type (rather
than the resistant S type derivable by single-
step transformation from the resistant R cells).
At this point, analysis of the growth dy-

namics of the R and S cells in the initially

TABLE 3
Effects of the source of deoxyribonucleic acid (DNA)
upon population changes of pneumococci in two
different media. Inoculum: S-VI (1 per cent) +
R-36A (99 per cent)

DNA Source*
Percentage of

Medium Pneu- Smooth after
Brucella mococ- Thymus| 48 hrt

cus

Brain heart infu- + - - 75
sion-blood - + - 82
broth _ - + 85

Casein-tryptone- + - - 98
yeast extract - + - 100
medium _ - + 100

_ _ _ 15

* DNA: Brucella = 0.5 per cent phenol-ex-
tracted; thymus = duponol-extracted; pneumo-
coccus = deoxycholate-extracted.

t Averages from duplicate samples.

TABLE 4
Population changes in the presence and absence of

deoxyribonucleic acid (DNA) + deoxyribonu-
clease as detected with the aid of streptomycin-
containing agar and "labeled" (streptomycin-
resistant) rough cells. Inoculum: S-VI (1 per
cent) + R-I192/sr (99 per cent)

Percentage of Smooth
after 48 hr*

Additions to Brain Heart Infusion- Brain heart Plain
Blood Broth infusion- brain

blood agar heart
plates + infusion-
150 jsg/ml blood
strepto- agar
mycin plates

None.0 0
Brucella DNA (130 ;g/ml) +
deoxyribonuclease (25 ,ug/
ml).0 98

Pneumococcus DNA (130,ug/
ml) + deoxyribonuclease (25
jAg/ml).0 98

* Averages from duplicate samples.

99.9 per cent R cultures revealed that, in con-
trast to the brucella studies, where supplemen-
tation with DNA + deoxyribonuclease had
favored S cells through selective inhibition of
non-S cells, R -* S population changes in simi-
larly supplemented cultures of pneumococci in-
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30
HOURS

Figure 1. Viable counts on initially 99.999 per

cent R + 0.001 per cent S cultures, and on 100 per

cent S (-.-) cultures, in the presence (O OE,
0 O) and absence (@--*, A--A) of
DNA + deoxyribonuclease. Inoculum: R-36A +
S-VI, or S-VI alone.

TABLE 5
Effects of kinetin upon population changes of

initially predominantly rough pneumococcal
populations in the presence and absence of deoxy-
ribonucleic acid (DNA) + deoxyribonuclease.
Inoculum: S-A66 (1 per cent) + R-36NC (99 per

cent)

pN13,g/mi) Percentage Smooth

Deoxyribonuclease Kinetin (,g/ml) Hfter 4 hrinfusiin
~~~~Blood Broth*

10 2
3 7
1 20
0.3 27
0.1 40

+ 10 45
3 50
1 48
0.3 48
0.1 49

~~~51
_-~ 4

* Averages from duplicate samples.

TABLE 6

Effects of various nucleic acid analogues on popula-
tion changes of pneumococci in the presence and
absence of deoxyribonucleic acid (DNA) + de-
oxyribonuclease. Inoculum: S-VI (1 per cent) +
R-36A (99 per cent)

Per-
centage

DNA of
(130 Smooth

pg/ml) after 48
Analogue Concentrations + De- hr inTested (pg/ml) oxyribo- Brain

nuclease Heart
(25 Infu-

pg/ml) sion-
Blood
Broth*

5-Bromouracil 50 or 100 + 90
_ 2

6-Thiouracil 30 or 60 + 83
- 1

Uracil disulfide 25 or 50 + 85
- 5

8-Azaguanine 50 or 100 + 96
- 0

6-Mercaptopurine 50 or 100 + 81
- 0

5-Bromodeoxyuridine 25 or 50 * 90
- 0

Puromycin 10 or 25 + 87
- 2

Caffeine 100 or 200 + 85
- 1

_ - + 81
_ - - 1

* Averages from duplicate samples.

volved a selective stimulation of the growth of
S cells without any apparent effects on R cells
(figure 1). We shall return to a more detailed
consideration of these growth dynamics subse-
quently.
As in the case of brucellae, the active factor

derived from enzymatic digests of DNA was
not replaceable either by single or combined
supplementations of media with any of the
deoxynucleosides, deoxynucleotides, purines, or
pyrimidines, or by adenosine tri- and di-phos-
phate, diphosphopyridine nucleotide, or acid-
hydrolyzed DNA, when employed in concen-
trations ranging from 0.1 to 10 ,jg per ml.
However, high concentrations (1600 A.g per ml) of
adenine and deoxyadenosine yielded significant
selective effects in favor of S cells in initially
predominantly R populations of pneumococci
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derived from type I. As in brucella (Braun,
1956), the only known nucleic acid derivative
that in low concentrations produced any signifi-
cant selective activity resembling that of the
DNA digest factor proved to be 6-furfuryl-
amino purine (kinetin). Table 5 illustrates that
kinetin, as in other systems where it has
displayed biological activity (Strong, 1958;
Obrecht, 1958), was increasingly active with
decreasing concentration. However, it is un-
likely that the active factor in enzymatic DNA
digests is kinetin, since the activity of this
compound showed great variability depending
upon the strain and environmental conditions
employed, i. e., under conditions where DNA +
deoxyribonuclease effects remained constant.
A series of nucleic acid analogues tested

(table 6) neither produced DNA + deoxy-
ribonuclease-type effects nor antagonized such
effects.

Fractionation of enzymatic DNA digests by
Ecteola cellulose (Bendich et al., 1955) yielded
four fractions (figure 2), of which only the frac-
tion coming off the column first, i. e., the small
molecule fraction, displayed selective activity.
A similarly active fraction was obtained when
the period of DNA digestion with deoxyribo-
nuclease prior to fractionation was prolonged
from 5 min to 30 min, whereupon the active
first fraction eluted from the column repre-
sented 99 per cent of the total digest.
The activity just described of the DNA di-

0
N.2

< 1.0 0.900

0.640
Z 0.6
0
_J0.4 0.355 0.340

0O.2 L

NoCI CONCENTRATION (V% in 0.01 M PHOSPHATE BUFFER, pH 7.0)
42.0 39.0 11.0 6.0 0.0

PER CENT OF FRACTION IN TOTAL DIGEST

Figure 2. Fractionation pattern of enzymatic
DNA digests on Ecteola cellulose: 6.7 mg of thy-
mus DNA + 1.5 mg doxyribonuclease hydrolyzed
for 1 min at room temperature. Solution placed on
column of 1.0 g Ecteola cellulose. Flow rate, 5 ml
per hr. Discontinuous concentration change.

- WITH DD
I --WITHOUT DD ,
co

80_

-
I

<60
II

° 40 - A0~~~~~~~~~~~~0

z400
v20/

o ~ ~ -
0 IL 36 54 72 90

Mn* (pg/ml)

Figure 3. Effects of various concentrations of
manganese in brain heart infusion broth on popu-
lation changes of Type I pneumococci in the pres-
ence and absence of DNA + deoxyribonuclease
(DD). Inoculum: 99 per cent R-I192 + 1 per cent
S-VI.

gest fractions was tested in brain heart infusion
cultures supplemented with 54 ,ug Mn++ per ml.
This Mn++ supplementation became a standard
procedure when it was recognized that the
presence of this ion, but not of Mg++, Zn++,
Cu++, Fe++, Co++, or Pb++, significantly en-
hanced the selective effects of DNA + deoxy-
ribonuclease. Media employed prior to these
tests had been supplemented unwittingly with
an excess of Mn++ required for optimal DNA +
deoxyribonucleic acid effects. Following the
recognition of the supplemental role of Mn++
(figure 3), it became possible to adjust environ-
mental conditions in a manner permitting con-
trol over the extent of these effects, which in
turn permitted the recognition of other frac-
tions enhancing DNA + deoxyribonuclease ac-
tivity.

In a search for agents, other than Mn++,
capable of enhancing the selective effects of
enzymatic DNA digests, mixtures of deoxynu-
cleosides, mixtures of deoxynucleotides, and
mixtures of nucleoside diphosphates were added
to predominantly R cultures of pneumococci in
Mn++-deficient brain heart infusion media. As
shown in figure 4, DNA + deoxyribonuclease
in combination with deoxynucleosides or deoxy-
nucleotides enhanced R -- S population changes
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Percent_
smnooth_
after_
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DNA.se DNA..e + DNAase + DNAa.e + DNAase + DNAa.e + DNA.se + DNAa.. + bi.ation
De.xy- Deo.y- Deo.y- Deoxy- Deoxy- Deoxy- n.cleo- without
..cl...id.. n.cl,otid*s n.cl.oside. n.cleosides n.cleosid.s nucleotides sid.-di- DNA +

+ Deo.y- + Deo.y- + Nucl.o- + N.cleo- phosphates DNA .se
..cle.tides n. cl.otides ide-di- sid.-di-

+ Nucleo- ph.sph.tes pho.ph.tes
side-di -

phosphates

Figure 4. Effects of mixtures of deoxynucleosides, deoxynucleotides, and nucleoside diphosphates on
R -* S population changes of type I-derived pneumococei. Amount of supplementations (mg per ml):
DNA = 130; deoxyribonuclease (DNAase) = 25; deoxynucleoside mixture = 800 (200 each of deoxy-
adenosine, deoxyguanosine, deoxycytidine, and thymidine); deoxynucleotide mixture = 800 (200 each
of the phosphorylated deoxynucleosides named above); nucleoside diphosphate mixture = 100 (25 each
of the diphosphates of adenosine, guanosine, cytidine, and uridine). When the "deoxynucleotide mix-
ture" or "deoxynucleoside mixture" were used separately with DNA + deoxyribonuclease, their con-
centration was raised to 1600 ug per ml.

in comparison to those occurring in cultures
containing only DNA + deoxyribonuclease.
AWlhen both nucleosides and nucleotides were
added in conjunction with DNA + deoxy-
ribonuclease at a total concentration equaling
those employed for either nucleosides or nucleo-
tides alone, an even stronger selective advantage
in favor of S cells occurred. So far, optimal selec-
tive effects have been obtained when cultures
were supplemented with DNA + deoxyribonu-
clease + deoxynucleosides + deoxynucleo-
tides + nucleoside diphosphates, the total
supplementation employed again approximating
those used for supplementation with either
deoxynucleosides or deoxynucleotides alone.
It should be lnoted that nucleoside diphosphates
produced an effect only when added in conjunc-
tion with deoxynucleosides and deoxynucleo-
tides; under these conditions supplementation
with nucleotide mixtures or mixtures of nucleo-
side triphosphates failed to duplicate the nucleo-
side diphosphate effects. In addition, the effects
of enzymatic ribonucleic acid (RNA) digests,
mixtures of nucleosides, and nucleotides in cul-
tures containing DNA + deoxyribonuclease were

tested and found to be nil. Also, the omission
of any one of the deoxynucleosides from the
nucleoside mixture in DNA + deoxyribonu-
clease-supplemented cultures significantly re-
duced or abolished the deoxynucleoside effect,
suggesting a requirement for all four bases for
optimal enhancement. This suggestion is further
supported by the observation that elevation of
single deoxynucleosides or deoxynucleotides to
concentrations equaling those of the deoxy-
nucleoside or the deoxynucleotide mixtures
failed to produce enhancing effects or produced
effects that were significantly below those
produced by the deoxynucleoside or the deoxy-
nucleotide mixtures (the only relatively effective
compounds being thymidylic acid, deoxyadeno-
sine, and deoxyguanosine). Omission of DNA +
deoxyribonuclease, regardless of the presence
of the other supplements (except for high con-
centrations of deoxyadenosine), resulted in a
virtual abolition of all effects. Since the break-
down products resulting from deoxyribonuclease
treatment of DNA represent only 6 per cent of
the total supplementation in the case of deoxy-
nucleoside- or deoxynucleotide-enriched cultures,
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it can be assumed that the active digest factor
represents an as yet unrecognized component or
that it is not identical with compounds present
in the nucleoside or nucleotide mixtures. Finally,
it is noteworthy that in the presence of the "op-
timal supplementation system" (DNA + deoxy-
ribonuclease + deoxynucleosides + deoxynucleo-
tides + nucleoside diphosphates) the require-
ment for deoxyribonuclease disappears and
optimal selective effects can be obtained by
adding DNA alone to deoxynucleosides + deoxy-
nucleotides + nucleoside diphosphates.
Having observed that the selective effects of

DNA + deoxyribonuclease can be enhanced by
MnH and by the addition of deoxynucleosides,
deoxynucleotides, and nucleoside diphosphates, a
survey was made regarding the effects of these
supplementations on cultures initiated with
predominantly R populations of different strains
of pneumococci. Both population changes and
the associated growth dynamics of S and R
cells in these cultures were checked. With one
exception, all initially predominantly R cultures
tested (R derived from types 1, II, VII, and
XIV), containing a few S cells of the corre-
sponding progenitor type, underwent far more
extensive R to S population changes in the
presence of DNA + deoxyribonuclease +
deoxynucleosides + deoxynucleotides + nucleo-
side diphosphates than in cultures containing
DNA + deoxyribonuclease alone. The excep-
tion was in the case of cultures initiated with
type III "derivatives," i.e., 99 per cent R-A66 +
1 per cent S-A66, where the deoxynucleosides +
deoxynucleotides + nucleoside diphosphate
supplementation actually inhibited R -* S popu-
lation changes in comparison to those occurring
in cultures containing DNA + deoxyribonu-
clease only; this effect might involve an unusual
susceptibility of type III cells to high concen-
trations of the DNA breakdown products. In
the presence of DNA + deoxyribonuclease, the
addition of Mn+ (54 or 72 ,ug per ml) further
enhanced R -* S population changes in cultures
initiated with types 1, 11, III, and VII "deriva-
tives," but not with type XIV. In the case of
cultures started with types III, VII, and XIV
"derivatives," Mn++ addition alone, in the
absence of DNA + deoxyribonuclease, yielded
significant R --* S population changes, an effect
that did not occur with the other types tested.
It should be mentioned at this point that sub-

sequent metabolic studies on Mn++ effects, such
as those here observed with types III and
XIV, have shown that these involve stimulatory
effects of a different nature than those mediated
by the nucleic acid breakdown products (see
Discussion). But despite such differences in the
mode of action of Mn++ and DNA + deoxy-
ribonuclease, the differences in response of
different strains of pneumococci to the various
supplementations demonstrate that it would be
dangerous to draw any generalized conclusions
regarding modifications of populations shifts on

HOU RS

Figure 5. Viable counts of S and R cells in cul-
tures of pneumococci undergoing population
changes in the presence and absence of various
combinations of DNA + deoxyribonuclease, man-
ganese, nucleotides, and nucleosides in brain heart
infusion broth. Inoculum: 1 per cent S-VI + 99
per cent R-1192. 0 = DNA + deoxyribonucle-
ase + Mn; A = DNA + deoxyribonuclease +
deoxynucleosides + deoxynucleotides + nucleo-
side diphosphates; O = Mn; * = control. Amount
of supplementations (MAg per ml): DNA = 130;
deoxyribonuclease = 25; deoxynucleoside mix-
ture = 800 (200 each of deoxyadenosine, deoxy-
guanosine, deoxycytidine, and thymidine); deoxy-
nucleotide mixture = 800 (200 each of the
phosphorylated deoxynucleosides named above);
nucleoside diphosphate mixture - 100 (25 each of
the diphosphates of adenosine, guanosine, cyti-
dine, and uridine); Mn++ = 55.
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Figure 6. Viable counts of S and R cells in cultures of pneumococci undergoing population changes
in the presence and absence of various combinations of DNA + deoxyribonuclease (DD), manganese,
deoxynucleotides, and deoxynucleosides in casein-tryptone-yeast extract medium. Inoculum: 1 per cent
S-VI + 99 per cent R-1192. For amount of supplementations, see figure 5.

the basis of data obtained with derivatives from
only one type-specific strain.

There was, however, one common phenome-
non in all of these population tests with DNA
breakdown products and Mn++, which was re-
vealed when actual viable counts of R and S
cells in these cultures were performed: a stimu-
lation of the rate and extent of multiplication
of S cells, without any growth-enhancing effects
on R cells, occurred in all cases. Typcial exam-
ples of such effects upon growth of S cells,
either when they were in mixtures with R cells
or by themselves are shown in figures 5 to 9.
As in the previous observations on DNA +
deoxyribonuclease-stimulated R -4 S population
changes in cultures initiated with different R
and S strains, strain differences in the growth
response of S cells to this stimulation became
evident, and in many instances the greatest
stimulation of growth occurred with those S

strains that also had exhibited greatest DNA +
deoxyribonuclease-promoted selection values in
the tests on population changes. However, this
relationship did not hold true in all instances
because population changes did not only depend
on the growth rates of S cells but also on the
comparative growth rate of R cells and the rate
of lysis of R and S cells. In addition to the
effects of DNA + deoxyribonuclease on rate
and extent of multiplication of S cells, this sup-
plementation also produced a delay in autol-
ysis of S cells in certain strains (figures 5 and
7); similar delays in autolysis did not occur in
Mn++-stimulated cultures. Figures 5 and 6
demonstrate that the DNA + deoxyribonu-
clease effects on growth of S cells were essen-
tially similar in two different media.

In view of the striking stimulation of the
growth of S cells in the presence of DNA +
deoxyribonuclease, particularly in the presence
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Figure 7. Viable counts of initially homogene-
ous S or R cultures in the presence and absence of
various combinations of DNA + deoxyribonucle-
ase, manganese, deoxynucleosides, and deoxy-
nucleotides in brain heart infusion broth. Inoc-
ulum: 100 per cent S-VI or 100 per cent R-I192
(derived from type I). 0 = DNA + deoxyribo-
nuclease + Mn; A = DNA + deoxyribonuclease
+ deoxynucleosides + deoxynucleotides + nu-
cleoside diphosphates; 0 = Mn; * = control.
For amount of supplementations, see figure 5.

of the "optimal supplementation system," and
in view of the similarity between the require-
ment for all four bases in the here described
optimal supplementation system and in systems
known to affect DNA synthesis (Kornberg,
1957), it was decided to measure the effects of
our effective supplementation upon DNA syn-

thesis. Resting smooth (type I), as well as re-

lated rough cells, were exposed, in the presence

of 1 per cent N.Z.case and 0.1 per cent glucose
in phosphate buffer (see Materials and Meth-
ods), to DNA + deoxyribonuclease alone or

with deoxynucleosides + deoxynucleotides +
nucleoside diphosphate. As illustrated in figure
10, the acid-insoluble deoxypentose content of
resting S cell suspensions increased significantly

0 10 20 30 40 50
HOURS

Figure 8. Viable counts of initially homogene-
ous S cultures (upper graph), derived from type II
( ~) and VII (---), and of type II-derived R
cultures (---, lower graph) in the presence and
absence of various combinations of DNA + de-
oxyribonuclease, manganese, deoxynucleosides
and deoxynucleotides in brain heart infusion
broth. Inoculum: 100 per cent S-D39 ( ), 100
per cent S-VII (---), or 100 per cent R-36A
(---). 0 = DNA + deoxyribonuclease +
deoxynucleosides + deoxynucleotides + nucleo-
side diphosphates; A = DNA + deoxyribonu-
clease + Mn; 5 = Mn; = control. For amount
of supplementations, see figure 5, except that
manganese concentration was 18,g per ml.

and rapidly under the influence of DNA +
deoxyribonuclease, and even more strikingly
under the influence of DNA + deoxyribonu-
clease + deoxynucleosides + deoxynucleotides +
nucleoside diphosphates. The intracellular in-
creases in acid-insoluble deoxypentoses (pre-
sumably DNA) were directly proportional to
the effects of the tested supplements on growth
of S cells (figure 6) and on R -> S population
changes. Therefore, it appeared reasonable to
ascribe the observed effects of DNA breakdown
products on population changes and growth of
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Figure 9. Viable counts of S and R cells in cul-
tures of pneumococci undergoing population
changes in the presence and absence of various
combinations of DNA + deoxyribonuclease, man-

ganese, deoxynucleotides, and deoxynucleosides
in brain heart infusion medium. Inoculum: 1 per
cent S-VII + 99 per cent R-VII. 0 = DNA +
deoxyribonuclease + Mn; A = DNA + deoxy-
ribonuclease + deoxynucleosides + deoxynucleo-
tides + nucleoside diphosphates; E = Mn; * =

deoxynucleosides + deoxynucleotides + nucleo-
side diphosphates; = control. For amount of
supplementation, see figure 5, except that man-

ganese concentration was 18 ug per ml.

S cells to a primary effect upon DNA synthesis
of S cells. There were no comparable effects upon
R cells, either in the growth or in the resting
cell studies. The possibility that the addition
of DNA + deoxyribonuclease may serve merely
as a supplemental source of breakdown products
for intracellular incorporation was made unlikely
by the observation that the described effects on

intracellular DNA levels of resting S cells were

not directly proportional to the quantity of DNA
present in the extracellular environment. The
addition of 28 Mig DNA per ml failed to produce
any stimulation despite the presence of deoxy-
ribonuclease, deoxynucleosides, deoxynucleo-
tides, and nucleoside diphosphates, whereas 56

,ug and 112 ,g of DNA per ml yielded equal
enhancements.
The readings for acid-insoluble deoxypentoses

obtained in these resting cell studies were higher
than those reported by others (Lerman and
Tolmach, 1957; Fox, 1957). Subsequent tests,
to be reported separately, utilized more rigorous
washing procedures which resulted in an appre-
ciable, relative decrease of deoxypentose values
per ml, but these decreases did not alter the
extent of increase in DNA levels between con-
trol and supplemented S cell suspensions. Also,
in contrast to the early data as shown in figure
10, the more recent resting cell experiments
failed to evoke any enhancement of synthesis
in R cell suspensions containing the full supple-
mentation, thus placing R cells into a trulyI non-
responsive class. Finally, figure 10 shows that
in DNA + deoxyribonuclease-supplemented S
cell suspensions, a decrease from the point of
optimal levels of acid-insoluble deoxypentoses
per ml occurred after the initial 30-min period.
This decrease was also noted in all of the subse-
quent tests and appears to be a real effect; its
cause is unknown but it may involve the initial
availability of a critical amount of intracellular
DNA precursors.
The effects of enzymatic DNA digests on

growth of S pneumococci also were demon-
strable in vivo (Braun et al., 1957b; Firshein and
Braun, 1958). Intraperitoneal inoculation of
white Swiss mice with 1 LD50 of S (type I)
pneumococci resulted in 100 per cent mortality
within 48 to 60 hr when DNA digests (450 ,g
DNA + 100 Aug deoxyribonuelease per mouse)
were administered subcutaneously (dorsally) at
time of infection or 24 hr prior thereto. Sam-
pling of peritoneal washings obtained by the
intraperitoneal injection of 2 ml of saline per
mouse, initially infected with 1200 organisms,
revealed that these DNA digest injections re-
sulted in a 10,000-fold increase in pneumococcal
counts within 25 hr. Thus, the average count
per ml of peritoneal washings from 8 untreated
mice, 25 hr after infection, was 2.7 i 0.9 X
105, whereas the average count from 8 treated
animals was 2.9 i 0.7 X 109.

Limited efforts to detect antagonists capable
of interfering with the DNA + deoxyribonu-
clease-promoted enhancement of growth of viru-
lent pneumococci showed that elevated Ca++
levels (20 ,g per ml or more), kinetin riboside,
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Figure 10. Acid-insoluble deoxypentose content of resting S (S-VI) and R (R-1192) pneumococci in

the presence of various nucleic acid breakdown products. DD = DNA + deoxyribonuclease.

and salmine are capable of producing such
effects in vitro and in vivo (Braun, 1958).

DISCUSSION

The foregoing data have demonstrated that
the effects of enzymatic digests of DNA upon
population changes from R -+ S in cultures of
pneumococci, though similar in end results,
differ significantly with regard to the mecha-
nism involved from phenomena previously elu-
cidated in studies with brucellae (Braun, 1958).
In contrast to the events in brucella popula-
tions, where DNA digests led to a selective in-
hibition of the growth of non-S types, the essen-
tial mechanism of the selective effect upon
pneumococcal populations now has been shown
to involve a selective stimulation of the growth
of virulent smooth cells in the presence of extra-
cellular DNA digests. The most remarkable
finding appears to be the fact that such stimu-
lation is directly associated with, and presum-
ably based upon, a selective stimulation of
DNA synthesis of S cells, and that R cells do
not respond to such influences.

It is interesting that in the presence of enzy-
matic DNA digests, mixtures of nucleoside de-
rivatives can attain a significant capability to
support such selective population changes, as
well as the associated enhancement of growth
and DNA synthesis of S pneumococei. In fact,
the effectiveness of DNA + deoxyribonuclease
supplementations has been shown to depend,
in the case of some pneumococcal strains, upon
the presence of such added DNA breakdown
products. The primary requirement, however,
appears to be the so far unidentified factor
present in enzymatic DNA digests, which al-
though of relatively small molecular size, is not
identical with known purines, pyrimidines, nu-
cleosides, or nucleotides. In many respects this
factor bears an amazing resemblance to Gale's
(1957) incorporation factor, which appears to
stimulate RNA synthesis but, on the basis of
all available evidence, it is not identical with
it. The requirement for mixtures of the four
deoxynucleosides and deoxynucleotides for opti-
mal enhancement of DNA + deoxyribonuclease
effects further places this phenomenon into the
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realm of known systems supporting nucleic acid
synthesis (Kornberg, 1957).

Okazaki and Okazaki (1958) reported re-

cently that the growth of Lactobacillus acido-
philus ordinarily cannot be stimulated by acid-
soluble cell fractions containing deoxyriboside
unless these have been digested enzymatically
with crude snake venom; however, they will be
utilized for DNA synthesis if a known deoxyri-
boside (e. g., thymidine) is added simultaneously.
In view of such observations, it can be sug-
gested that the ability of polymerized DNA to
effect the stimulation of events in S pneumo-
cocci in the presence of deoxynucleosides +
deoxynucleotides + nucleoside diphosphates
possibly may reflect an ability of DNA to get
into the cells in the presence of the "optimal
supplementation." The digest factor may then
be released by intracellular breakdown of DNA.
The significant role played by Aln++ in sup-

port of, or in lieu of, the factor(s) present in
enzymatic DNA digests appears to involve ad-
ditive effects of a different nature rather than
identical effects. Studies with resting cells, to
be reported subsequently, have indicated that
the Mn++ effect is associated with a general
enhancement of DNA, RNA, and protein syn-

theses, whereas DNA + deoxyribonuclease
effects upon resting cells result in a selective
enhancement of DNA synthesis with only
minor effects upon RNA and protein syntheses.
It should be noted that since Mn++, through
its apparent general stimulation of metabolic
processes of S cells, can also enhance the rate
of selective establishment of S cells in initially
predominantly R populations, it often becomes
difficult, particularly with certain batches of
Mn++-supplemented complex media and with
certain strains, to detect DNA + deoxyribo-
nuclease effects. When such complications arose,

the actual contribution of DNA + deoxyribo-
nuclease to the control of R -+ S population

changes (and to DNA synthesis) became pro-

nounced only when the Mn++ concentration was

reduced to levels that yielded a lesser selective
effect of Mn++, e. g., to concentrations be-
tween 36 and 54 ,ug per ml, as shown in figure
3.
The capability of the smooth types to re-

spond to extracellular metabolic factors by in-
creased DNA synthesis and associated stimula-

tion of multiplication would appear to be an

entirely appropriate property for a virulent,
parasitic form. The inability of the avirulent
rough type to react similarly could be regarded
as an appropriate indicator of self-sufficiency.
Such teleological interpretations, however, fail
to reveal the basic difference between virulent
and avirulent pneumococci that could be held
responsible for the observed differences. Future
studies must attempt to elucidate whether the
responsiveness of the virulent pneumococci to
extracellular stimulation of DNA synthesis and
the nonresponsiveness of avirulent cells involves
differences in permeability, enzymatic capabili-
ties, or energy availability. But even in the
absence of such information, the demonstrated
ability of virulent pneumococci to display strik-
ing growth responses in the presence of the
type of compounds that may occur in appre-

ciable amounts under conditions in vivo suggests
the possibility of a significant natural role of
such enhancement systems. This, in turn, sug-

gests the possible future control of the fate of
virulent populations in vivo through appropriate
interference with the activity or presence of
factors that promote the growth of virulent
cells in the manner elucidated in the present
studies.

Preliminary tests have indicated that supple-
mentation of media with DNA + deoxyribonu-
clease + deoxynucleosides + deoxynucleotides
+ nucleoside diphosphates also can result in
enhanced growth of virulent strains of strepto-
cocei and staphylococci. However, it has not
been established so far whether or not such effects
are also associated with increased DNA synthesis
and whether they are also specific for virulent
types. It further has been observed that enzy-

matic DNA digests or kinetin promote R S

population changes in cultures of Shigella boydii
(Ikari et al., 1958), Clostridium botulinumn (N.
Grossevicz, unpublished data), Vibrio cholera
(W. Gardner, unpublished data), and apparently
also in Pasteurella pestis (Eisler et al., 1959).
It will be interesting to determine whether en-

zymatic DNA digests play a rather general role
in influencing bacterial population changes in-
volving the establishment of virulent variants.
It will also be interesting to learn whether gram-

negative species tend to respond to DNA +
deoxyribonuclease effects by mechanisms of
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selective inhibition of avirulent types, previously
elucidated for brucellae, and gram-positive
species by selective stimulation of virulent
types as now elucidated for pneumococci.

SUMMARY

Enzymatic digests of deoxyribonucleic acid
(DNA), regardless of the source of DNA, were
found to promote R -- S population changes in
initially R, or predominantly R, cultures of
Diplococcus pneumoniae. Such population
changes do not occur under ordinary laboratory
conditions, and, with one major exception,
known breakdown products of DNA do not
have similar effects. The one exception is kine-
tin, but this compound does not appear to be
identical with the factor present in the DNA
digest, which, according to Ecteola fractiona-
tion is of relatively small molecular size. The
effects of the DNA digest factor were enhanced
by '\In++ and by the addition of mixtures of
deoxynucleosides, deoxynucleotides, and, in the
presence of deoxynucleosides + deoxynucleo-
tides, by nucleoside diphosphates. With the
help of R cells derived from a variety of type-
specific S strains, it was shown that the extent
and rate of DNA digest-promoted and Mn+-,
deoxynucleoside-, or deoxynucleotide-enhanced
population changes were strain-dependent. Also,
in deoxvnucleoside + deoxynucleotide-supple-
mented cultures, the effects were significantly
reduced in the absence of any one of the com-
ponents of the deoxynucleoside or deoxynucleo-
tide mixture. Contrary to previous findings with
brucellae, wlhere DNA digests were found to
exhibit their selective effects via a selective in-
hibition of non-S types, R -k S population
changes of pneumococci in the presence of
DNA + deoxyribonuclease have proved to
involve a selective stimulation of the rate and
extent of multiplication of S cells, without an
effect on R cells. Experiments with resting cells
demonstrated that the selective effects of DNA
digests observed in growing cultures are directly
correlated with a significant selective stimulation
of DNA synthesis in S cells; R cells did not re-
spond. Enzymatic DNA digests also influenced
rates of multiplication of S pneumococci in
vivo, and thus strikingly modified the outcome
of the disease in mice. Some antagonists cap-
able of interfering with these effects have been
detected; their potential role in the control of

infections, as well as the possibility of a general-
ized role of selective DNA digest effects among
bacteria, have been discussed.
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