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TABLE 2. Relative integration efficiencies of several markers determined on pneumococcal strains derived from
the same ancestor®

D39R*® R36NC R36A R6 Ré6x SII1, Rx
Markers | Drug resistance

Ac | B¢ A B A B A B A B A B A B
Str-r4l | Streptomycin 430 (1 {3,000/ 1 260 |1 2,750 1 685 |1 3351 475 | 1
Fus-rA | Fusidic acid 360 | 0.84(3,400{1.1 | 280 | 1.1 (3,350 1.2 | 760 | 1.1 | 355 | 1.1 | 450 | 0.9
Nov-r1 | Novobiocin 40 [0.09]| 295(0.10( 20 |0.08| 280| 0.1 360 1.1 (470 | 1.0
Stg-rF | Streptolydigin 45 [ 0.10| 215(0.07( 16 | 0.06| 265/ 0.1 | 820 | 1.2 [370| 1.1 | 430 | 0.9

¢ Cells grown in the competence medium to a density of about 10 colony-forming units per ml were diluted 10
times in prewarmed competence medium containing 1 ug of DNA per ml from strain 119. The 20-min
incubation period at 30 C was followed by a further 2-h incubation period at 37 C. Thereafter, 10% glycerol was
added, a portion of the culture was frozen at -70 C, and the remaining fraction was used to estimate the
number of transformants. The following day a more accurate number of transformants for each was determined

by plating appropriate dilutions of the thawed transformed culture.

® Recipient strain.

¢ Column A throughout = number of transformants x 10%/ml.
¢ Column B throughout = integration efficiency (ratio of the number of transformants for a given marker to

the number of transformants for the str-r41 marker).

TaBLE 3. Marker ratios on transformation of strains Cly and 401 with nonsaturating and saturating
concentrations of DNA from strain 119°

e Cl, 401
Murkrs | Anibio
A® B Cce B A B C B

Str-r41 Streptomycin 80 1 545 1 32.5 1 190 1
Sulf-d Sulfanilamide 135 1.70 655 1.2 26 0.80 135 0.71
Fus-rA Fusidic acid 12 0.15 190 0.35 22 0.68 170 0.89
Nov-r1 Novobiocin 11.2 0.14 175 0.32 14.5 0.45 110 0.58
Stg-rF Streptolydigin 10.5 0.13 220 0.40 17 0.52 115 0.60

® Freshly prepared competent cells of strains Cl, and 401 were-exposed to DNA for 20 min at 30 C, and then
diluted five times in deoxyribonuclease B medium. After 2 h of incubation at 37 C, 10% glycerol was added, and
the cultures were frozen at —70 C. The number of transformants was determined by plating 1 day later the

thawed cells in a selective medium.

® Column A throughout = number of transformants x 10*/ml with nonsaturating concentration of DNA (0.02

ug/ml).

¢ Column B throughout = integration efficiency (marker ratios). .
?Column C throughout = number of transformants x 10*/ml with saturating concentration of DNA (5

ug/ml).

of diverse origin: markers carried by DNA
from a heterologous strain. Various noncap-
sulated strains derived from strains of different
serotypes were transformed with DNA from
strain 119. Using saturating concentrations of
DNA, all markers were integrated with about
the same efficiency (Table 4). The effect of
DNA concentration on the discrimination prop-
erty of several strains was investigated.

Figure 2 depicts the yield of transformants of
recipient strain 1013 for various markers as a
function of the DNA concentration. It can be
seen (Fig. 2) that the marker ratios are nearly
independent of the DNA concentration. Strains
662 and 264 behave similarly. On the basis of
marker efficiency, all of these strains appear
similar to the hex~ strain.

Exposure of DNA to ultraviolet (UV) light

results in a loss of the biological activity of the
DNA. When tested on a hex* strain, LE mark-
ers are much more sensitive to inactivation
than are HE markers. The rate of inactivation
of the markers str-r41 and nov-rl carried by
DNA 119 treated with UV light was determined
in several strains of apparent hex- phenotype
and in the two reference strains R6 (hex*) and
R6x (hex-) (Fig. 3). The two markers are inacti-
vated at about the same rate in strains 264, 477,
and 662 and at the rate corresponding to HE
markers in the hex* strain. According to this
criterion, all the experimental strains tested
manifest the hex- phenotype. This result was
unexpected since it has been shown that strain
R6x, a typical hex~ strain, has lost a function
by mutation, and the results described in Fig. 3
would suggest that the other independently
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great diversity with respect to their integration
efficiencies (29). Rifampin-resistant mutants
are easy to select at a level of antibiotic at least
100-fold higher than the dose at which 50% of
sensitive bacteria are killed. In each strain,
rif-r mutations were designated by an arabic
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Fic. 3. Inactivation by exposure to UV light: activ-
ities of markers str-r41 and nov-r] determined on sev-
eral recipient strains. Thawed competent cells pre-
pared by the method of Bernheimer and Wermundsen
(2) were exposed for 20 min at 30 C to DNA from
strain 119. Irradiation of the DNA was carried out
with a General Electric germicidal lamp at a distance
of 33 cm.
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number from 1 to the number of the last mutant
clone isolated.

The yields of transformants using DNA from
a clone carrying the first mutations isolated in
each strain and with DNA from a clone carrying
a mutation with a different efficiency are shown
in Table 5. When tested with isogenic DNA, the
four strains discriminate between markers. In
addition, it should be pointed out that the HE
marker, str-41, became low efficiency in strain
264 but remained HE in strains 477 and 1013.

The distribution of integration efficiencies of
the rif-r mutations isolated in each of the four
strains studied is shown in Fig. 4. Although the
number of mutants analyzed for each strain is
small, it is clear that all the strains are able
to discriminate between markers carried by
homologous DNA. According to this criterion,
they all display the hex* phenotype.

Transformation of various pneumococcal
strains by homologous and heterologous
DNA. Four strains were transformed by DNA
extracted from the homologous strains and/or
DNA from independently isolated pneumococ-
cal strains to compare marker effects in trans-
formation by heterologous and homologous
DNA. The results (Table 6) show that strains
477 (RI) and 264 (RVIII) exhibit the hex* pheno-
type of R6 in transformation with homologous
DNA. Much of the difference observed in the
transformant yield for each DNA is probably
due to differences in the qualities of the DNA
preparations. For example, DNA 119 is more
active than DNA 264 on both heterologous and
homologous recipient strains. The results sug-
gest that, under the experimental conditions
employed, a restriction-like mechanism acting
on DNA coming from pneumococci of different
serotypes is not active among the four strains
examined.

Further support for the proposal that strains
477 and 264 possess a hex function, functional

TAaBLE 5. Integration efficiencies of some Rif-r mutants measured on their homologous recipient strain®

477 (RD)® 655 (RI)

1013 (RVID) 264 (RVIID)

Measurement
Rif1 Rif10 | Rif1 | Rif4

Rif1 Rif5 | Rif1l | Rif20 | Rifl | Rif2 | Rif5

Transformants str-r | 1,200 1850 73.5 7
x 10%/ml (A)
Transformants rif-r 270 1900 79 425
x 10%/ml (B)
Integration effi- 0.22 1.0 1.1 6
ciency (ratio B/A)

350 400 490 390 43 46 44
120 75 500 560 250 47 24
0.34| 0.19 1.0 1.4 58| 10| 0.5

2 Thawed cells grown to competence by the procedure of Bernheimer and Wermundsen (2) were diluted five
times in prewarmed competence medium (30 C). At that time 1 ml of cells was added to each of the small tubes

containing 50 uliters of a Pronase-treated lysate homologous donor strain.

® Recipient strain.
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only with homologous DNA, is provided by the
results of experiments presented in the next
sections.

Saturation of the discriminating mecha-
nism of strains R6 and 264 by heterologous
pneumococcal DNA. Strains 264 and R6 were
exposed to a mixture of nonsaturating marked
homologous DNA and an excess of unmarked
heterologous DNA from various sources, and
the number of transformants to streptomycin
resistance and to rifampin resistance were de-
termined (Table 7). An excess of homologous
DNA had no effect on the marker ratio, nor did
heterologous DNA from B. subtilis. Strepto-
coccal DNA had almost no effect. On the con-
trary, heterologous pneumococcal DNA showed
a strong tendency to equalize the activity of

TIRABY, FOX, AND BERNHEIMER

both types of markers. From the transformant
yields it would appear that the equalization re-
sults from an inerease of efficiency of LE mark-
ers.

Transformation of R6 and 264 by DNA
partially hybrid between the two strains.
In the course of other studies on pneumococcal
transformations, we were led to construct a
multiply marked strain. We introduced by two
successive transformations the marker str-r4l
and rif-r5 from strain 264 into the genome of
an R6 derivative carrying the markers sulf-d,
fus-rA, ery-r2 (12), opt-r2, and nov-rl. The DNA
from such a strain, designated 121 and carrying
all the above markers except sulf-d, which was
lost during the last transformation, was used to
transform strain R6. Unexpectedly, all markers
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Fi6. 4. Distribution of integration efficiencies of rifampin-resistant mutations occurring in four Pneumococ-
cus strains. Integration efficiencies of rif-r mutations occurring in each strain were measured in the same sensi-
tive recipient strain. Each bar represents the number of mutations with integration efficiencies within an in-
terval of 0.05 (a, b) or 0.24 (c, d). (a) Strain 655, (b) strain 264, (c) strain 1013, (d) strain 477.

TABLE 6. Relative integration efficiencies with heterologous and homologous transforming DNA

J. BACTERIOL.

477 (RD° R6 662 (RIII) 264 (RVIII)
477 (RI) 1,550 325 0.21 790 800 1.0 230 260 1.1 160 145 0.9
R6R(llf119) 1,500 | 1,500 1 820 115 0.14 415 550 1.3 155 210 14
655R g;llll) 455 900 2 350 350 1.0 115 95 0.8 70 65 0.9
%éi(fl}VlII) 1,250 | 1,200 1 715 690 1.0 185 210 1.1 40 220 5.5

2 Recipient strain.

® Column A throughout = number of streptomycin-resistant transformants x 10%/ml.
¢ Column B throughout = number of rifampin-resistant transformants x 10%/ml.
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exhibited approximately the same efficiency.
After this observation, the effects of DNA 121
on the transformation yield was further investi-
gated. Results of this investigation are sum-
marized in Table 8 and Fig. 5.

When transformed with DNA isolated from
the hybrid strain 121, strain R6 shows much
less discrimination between HE and LE mark-
ers (Table 8) than it does when it is transformed
with homologous DNA. This is particularly
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notable with the marker nov-rl (Table 2). The
discrimination which is small with an excess of
DNA 121 is enhanced at nonsaturating concen-
trations of DNA.

Reduction of molecular weight by shear re-
sults in a preferential inactivation of LE mark-
ers compared to HE markers when tested on
the hex* recipient strain. No such preferential
inactivation is manifested when the same ac:
tivities of the same markers are tested on an

TaBLE 7. Levels of discrimination in the presence of saturating concentrations of heterologous DNA from various

sources®
Heterologous No. of No. of
Recipient strain g&?o(lggo%‘; ‘;(/’:i; competin?DNA transformants transformants Rif/Str-r
. (1-5 ug/ml) str-r x 10%/ml rif-r x 103/ml
R6 R6 (119) R6 2,500 325 0.13
264 (RVIII) 4,800 5,250 1.1
1013 (RVII) 2,150 2,600 1.2
Streptococcus 3,350 670 0.2
(Wicky)
B. subtilis 1,700 255 0.15
264 (RVIII) 264 (RVIII) 264 (RVIID) 190 1,150 6.1
str-r4l, rif-rl | R6 530 500 0.95
1013 525 500 1.0
Streptococcus 200 1,000 5.0
(Wicky)
B. subtilis 56 335 6.0

° One volume of DNA from strains 119 or 264 (RVIII) str-r41, rif-r1 ( 1 ug/ml) was mixed with one volume of
one of the heterologous DNA indicated in the table (20 to 100 ug/ml), and a fraction of the mixture (100 uliters)
was added to 1 ml of freshly prepared competent cells of both recipient strains for 20 min at 30 C. At that time, 4
ml of B medium was added and the cultures were further incubated at 37 C for 2 h.

i3

NUMBER OF TRANSFORMANTS /ML

PRI

3

T T
1 2 4 L)

T T T T
] 1 2 4 8

IRRADIATION TIME (minutes)

FiG. 5. Inactivation of markers fus-rA and rif-r5 after UV irradiation of DNA from strain 121: effect of DNA
concentration. The recipient strains are R6 (left) and R6x (right). DNA concentration 5 ug/ml (open symbol);
0.01 ug/mil (filled symbol). Markers fus-rA (triangles), rif-r5 (circles).
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TABLE 8. Marker effects in transformation of strains
R6 and 264 (RVIII) with DNA isolated from the
hybrid strain 121

Recipient strains
Donor DNA | Markers R6 264 (RVIID
A° B® A B
Native 121 fus-rA (2,100 1 410 1
(5ug/ml) | ery-r2 (2,900 14 | 310 0.76
nov-rl 1,650 | 0.79| 395 0.96
str-r41 1,300 | 0.62| 380 0.92
rif-r5 1,050 | 0.50| 330 0.80
Native 121 fus-rA 30.5| 1 75 |1
(0.002 ery-r2 28 | 0.92 3.0 | 0.40
ug/ml) nov-rl 6.5| 0.21 3.55| 0.47
str-r4l1 3.81 0.12 2.8 | 0.37
rif-r5 5.5( 0.18 6.0 | 0.80
Sheared 121 | fus-rA 210 |1 35 1
0.5 ery-r2 105 0.5 9.0 | 0.26
ug/ml) nov-rl 10.5| 0.05| 10.5 | 0.30
str-r4l 4.6| 0.02 7.5 ] 0.21
rif-rb 5.0 0.02| 29 0.83

2 Column A throughout = number of transformants
x 10%/ml.

® Column B throughout = integration efficiency
normalized against the yield of fus-rA transformants.

isogenic hex~ strain (Tiraby and Fox, submitted
for publication). After the shearing of DNA 121,
the level of discrimination of the recipient strain
R6 becomes much more evident even at high
concentrations of DNA. With recipient strain
264, a similar but much less pronounced effect
is observed.

The modification of the activity of some mark-
ers by passage through a heterologous strain sup-
ports the proposal that there exists variation in
the DNA sequence coding the same function in
two unrelated strains. It can be seen that str-r41,
normally HE in strain R6, becomes LE in the
same strain after passage through strain 264
(Table 8).

When tested on strain R6 (hex*), the decline
of the activity of the LE marker rif-r5 resulting
from the exposure of DNA 121 to UV light is
largely dependent on the concentration of the
donor DNA (Fig. 5). With an excess of DNA, the
LE marker exhibits a slightly greater sensitivity
to UV compared to the HE marker, whereas,
with a low concentration of DNA, the LE marker
exhibits the markedly greater sensitivity charac-
teristic of a fully active hex function. When
tested in the non-discriminating strain R6x, the
activity of both markers falls at approximately
the same rate whether or not the DNA concen-
tration is saturating.

TIRABY, FOX, AND BERNHEIMER
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DISCUSSION

Some of the genealogy of the hex function has
been examined. The marker discrimination char-
acteristic of R6 hex* and evident in a number of
currently used laboratory strains is also evident
in an independent rough isolate of the same
smooth parent. It is also evident in strains
R36NC and R36A that were separated in 1944.
Strain R36A is the common parent of many of the
currently used laboratory strains. One subline of
R36A, generated by transformation with DNA
from a strain A66 (capsular type III origin), has
lost the capacity to discriminate (hex*). The
hex~ strain described by Litman (16) arose as a
spontaneous mutation in strain R6. Lacks (14) as
well as Tiraby and Sicard (29) have reported a
high frequency of hex~ mutants after mutagenic
treatment. In the former report, repeated muta-
genesis of hex* bacteria with N-methyl-N-nitro
nitrosoguanidine resulted in a population half of
which were hex~. Although it is possible that
hex~ bacteria exhibit a selective advantage over
hex*, we have been unable to demonstrate such
an advantage.

Reciprocal transformation between the two
most widely used discriminating strains, R6 and
Cl;, reveal that the transformation yield of LE
markers in these strains is to some extent de-
pendent on the concentration of donor DNA. In
spite of their common origin, the two strains
used as standard strains in many laboratories
have presumably suffered nucleotide sequence
divergence as a result of continuous growth for
two decades in different media. The difference in
the efficiency of fus-rA in the two strains sup-
ports this proposal. The effect of DNA concen-
tration on marker ratios may be accounted for by
the incidence of mismatched base pairs in the
heteroduplex regions formed by the donor strand
of one strain and the recipient strand of another
strain as a function of DNA concentrations. A
large number of mismatched base pairs of the
kind recognized by the discriminating system
could saturate the hex system, allowing more
heterozygotes of the LE type to escape destruc-
tion. This hypothesis is substantiated by the be-
havior of strains R6 and 264 in transformation
with DNA isolated from the hybrid strain 121
(Table 8). Many of the strains tested exhibit the
hex* phenotype when the selected markers are
carried by DNA prepared from the same strain
as the recipient. However, in heterologous trans-
formation, these strains behave typically like
hex~ bacteria. Comparison of results of recip-
rocal transformations between strains R6 and
Cl; with those of reciprocal transformations be-
tween diverse pneumococcal strains isolated
from nature suggest that the latter strains are
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more divergent from each other in nucleotide se-
quence than are R6 and Cl, (Table 6). It would
appear that transformation between heterol-
ogous strains results in saturation of the hex
function at low DNA concentrations. Further
evidence for this hypothesis comes from the re-
sults of the competition experiments using mix-
tures of marked homologous DNA and non-
marked heterologous DNA. In the presence, dur-
ing transformation, of an excess of DNA of more
remote origin from either B. subtilis or Strepto-
coccus (Wicky), no effect on the characteristic
integration efficiencies of markers carried by the
limiting homologous transforming DNA is ob-
served (Table 7). When transformation occurs in
the presence of an excess of unmarked DNA
from a heterologous pneumococcal strain, the
presence of heteroduplex regions between
strands of the two heterologous strains appears
to eliminate discrimination against LE markers,
and the bacteria behave as phenotypically hex-.

The DNA concentration effect on marker
ratios observed with DNA from a hybrid strain
" carrying markers from two unrelated strains is
more pronounced than the similar effect ob-
served with reciprocal transformations between
strains R6 and Cl,. Using hybrid DNA at saturat-
ing concentrations, the hex function of the recip-
ient strains is almost completely saturated. It
was also noted that the hex function does not
discriminate against LE markers carried by lim-
iting concentrations of DNA from heterologous
strains (Table 4). In these cases it would appear
that the presence of a very small number of
heteroduplex regions resulting from transfor-
mation are sufficient to saturate the hex func-
tion. An endonuclease specific for the base-pair
mismatches present in LE transformants has
been proposed to account for the initial step in
the action of the hex function (7, 26). It could be
that such an enzyme is limiting in hex* strains
of Pneumococcus.
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