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ABSTRACT

A method of transformation on solid medium especially adapted for pneu-
mococcus has been developed. Under specific conditions, all colonies that are
allowed to grow in the presence of transforming DNA for six hours give rise
to transformed bacteria. Combined with replica plating this technique has been
used to isolate mutants modified with regard to recombination. Most of the
mutants found are transformation-defective and show a large diversity in their
response to ultraviolet light. Some of these mutants have lost their ability to
take up transforming DNA. One shows a reduced yield of transformants for a
given quantity of DNA taken up. Mutants that manifest altered behavior with
regard to marker efficiencies have also been isolated. One of these exhibits a
decrease in the transformation efficiency of only the high efficiency markers
and two mutants show a decrease in the transformation efficiency of the low
efficiency markers.

BACTERIAL transformation requires several steps, starting with the binding

of free DNA by the competent cells and ending with the alteration of the
recipient genome. In terms of biochemical events, only some of the steps deter-
mining the fate of the DNA after uptake are characterized in Diplococcus pneu-
moniae. The nature of the physiological changes which occur during the develop-
ment of competence is not completely understood. Also poorly understood in
pneumococcal transformation is the nature of the process capable of discriminat-
ing between various markers. A striking feature emerging from the genetic
studies in Diplococcus pneumoniae is the difference in the efficiencies with which
markers representing point mutations are transferred by transformation. Ac-
cording to their individual integration efficiencies, auxotrophic markers or those
conferring resistance to antibiotics can be divided into several classes. Two classes,
one corresponding to high efficiency, the other to low efficiency, were found for
mutations in the ami-A locus (Epmrussi-Tavror, Sicarp and Kamenw 1965;
Gray and Eparussi-Tavror 1967) and for mutants requiring uracil (Morse
and Lerman 1969), whereas four classes were found for mutations in the amylo-
maltose locus (Lacks 1966) and for mutations in the structural gene of dihydro-
folate reductase (Stror~vaK and HacuTEL 1969). Regardless of the exact number
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of efficiency classes, two classes are considered especially, the first with high
efficiency (HE), the second with low efficiency (LE). The difference in efficiency
of these two classes is about a factor of 10. Results from Lacks (1965), Eparussi-
Tayror (1966, 1968), and Lovarn and Sicarp (1968, 1969) suggest that the
integration mechanism of LE markers is different from that of HE markers. In
order to study the nature of the transient events occurring during pneumococcal
transformation and the nature of the mechanism of discrimination between
markers, attempts were made to isolate transformation-deficient mutants as well
as mutants whose behavior in relation to the integration efficiency of markers is
altered. With this in mind, a method of selection, based on the fact that pneu-
mococcus can be transformed on solid medium, was developed. This method
proved to be efficient for isolating both transformation-deficient mutants and
recombination-modified mutants.

MATERIALS AND METHODS

Strains: The parent strain of D. prneumoniae referred to as “Clone 3” (Cl;) was used as
recipient in the transformation experiments. This strain originates from AvVERY’s strain R 36 A
(Avery, MacLeop and MacCarty 1944). Donor DNA was isolated from strain 69. This strain
bears two HE markers, one conferring resistance to 2000 gg/ml streptomycin: str-r 47 (Horcn-
Kiss 1951), the other to 0.1 pg/ml erythromycin: ery-r 6 (Greex 1959), and also bears two LE
mutations, the first conferring resistance to 2 X 10-5 M aminopterin: ami A-r9 (Sicarp 1964)
and the second to 5 pg/ml optochin: opt-r 2 (Erurussi-TavLor 1958).

The thymidine marker (Thy A,) from the thymidine-requiring strain (FriepmMaN and Ravin
1972), generously provided by A. Ravin, was introduced into the wild-type strain, Cl, (BrRuNEL,
Sicarp and Sicarp 1971). From the strain CI,7d- which requires 60 pg of thymidine per ml for
growth, a mutant requiring only 5 pg/m! was isolated. The strain Cl,Td~ requiring 5 pg/ml of
thymidine and also bearing the sir-r 41 marker was used for the preparation of the DNA labeled
with tritiated thymidine.

Media: The media used for pneumococcal growth and transformation in liquid have been
described in an earlier publication (Sicarp 1964). The special solid transformation medium is
prepared as follows: 7.5 g Difco Neopeptone, 7.5 g Difco Casamino acids and 13 g NaCl are
dissolved in 1.5 liters distilled water. The pH is brought to 7.8 with 1N NaOH and the heavy
flocculent precipitate is filtered off. The filtrate is distributed in fractions of 125 ml per flask to
which is added 3 g of agar. The flasks are sterilized at 120° and stored at room temperature. Prior
to use, this basal medium is melted, cooled to 55° and each is supplemented with 0.3 ml of 25%
glucose and 50 ml of medium prepared as follows: 36 g of Difco Yeast Extract are dissolved in
330 ml distilled water and brought te pH 3 with 4N HCI. 15 g of charcoal (Billaut Charbon
animal 159 cendres) are added with vigorous stirring. Absorption is allowed to take place for
2 hours at 4°. The charcoal is then filtered off on a large Buchner funnel, through Whatman #3
paper covered with a thin layer of filter-cell (Touzart et Matignon). The pH of the solution is
then brought to 7.8 with 10 N NaOH and the heavy precipitate removed by filtration. Then
7.5 mg asparagine, 100 mg glutamine and 3 g fraction V bovine albumin are added. The volume
is brought to 600 ml with distilled water and sterilized by passage through a membrane filter.
This medium is kept frozen.

Preparation of SH-labeled pneumococcal DNA: The low thymidine-requiring strain of
pneumococcus carrying the streptomycin-resistant reference marker, str-r 41, was grown to a
concentration of 2 X 108 colony-forming units/ml in 10 ml of complete neopeptone medium
containing 500 pCi of (Me-SH) thymidine (1 Ci/mM, C.E.A. Sacraxy). The cells were collected,
washed and resuspended in 2 ml of 0.15M-NaCl 0.015M-EDTA (pH 8) with sodium deoxy-
cholate to a concentration of 0.19%. After cell lysis, the nucleic acids were precipitated with one
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volume of 959 ethanol. The fibers of nucleic acids were withdrawn with a Pasteur pipette and
introduced into 4 ml 1/10 SSC (0.015M sodium chloride, 0.0015M sodium citrate). The tube was
gently stirred at 37° until dissolution of the nucleic acid fibers.

Transformation procedure in liguid medium: The basic transformation techniques in liquid
medium have been described previously (Sicarp 1964). In some experiments competence was
artificially induced by the pneumococcal-activator substance described by Tomasz and Horca-
xr1ss (1964). Crude activator preparations were obtained by the method of Tomasz and Mosser
(1966), as modified by Vovis and Burrin (1970). Competent cells (1 ml) were treated with a
solution of transforming DNA (0.1 ug/ml) for 15 min. at 37°. The bacteria were plated in non-
selective medium for complete phenotypic expression. After 214 hours’ incubation at 37°, a
second layer of nutrient agar containing the antibiotic was poured on the surface for selection,
and the plates incubated overnight. The number of resistant colonies was then determined.

Uptake experiments: Two ml cultures of highly competent cells were prepared by the method
using the pneumococcal activator substance. Tritium-labeled pneumococcal DNA was added to
each culture at a final concentration of 0.25 ug/ml. After 20 minutes’ incubation at 37°, bovine
pancreas deoxyribonuclease (Worthington Biochemical Corp.) was added to a final concentra-
tion of 10 gg/ml and the incubation was continued for another 2 minutes. A sample was taken
to determine the number of streptomycin-resistant transformants. Each radioactive DINA-cell
complex was chilled in an ice bath for 2 minutes and washed 3 times with balanced salt medium
(Srcamrp 1964). The last pellet was taken up in 1 ml 109} trichloroacetic acid and heated in boil-
ing water for 30 minutes. After cooling, the proteins were removed by centrifugation, and a
sample of the supernatant was added to 10 ml Bray’s solution and counted in a liguid scintillator
spectrometer (Nuclear Chicago).

Moutagenic treatment: One of the most active mutagenic agents for microorganisms was used:
1 methyl-3-nitro-1-nitrosoguanidine (NG). The following method of obtaining mutants was
used: 1 ml of a culture of Cl, was taken 20 minutes after the competence peak and treated with
50 or 75 ug of NG for 30 minutes at 37°. After centrifugation and washing, the culture was
diluted 500-fold into the growth medium, and 1 ml fractions were distributed into 10 small tubes
After 8 hours of growth at 37°, glycerol was added to the cells at a final concentration of 129.
The number of ami-r and op?-r bacteria was then determined from only two tubes. Under these
conditions the frequencies of mutants resistant to aminopterin (2 X 10-5 M/ml), optochin (5
ug/ml), erythromycin (0.1 ugg/ml) or streptomycin (150 g/ml) were, respectively, 2 X 10-2;
1 X 10-4; 2.5 X 10-% and 1 X 10-5.

Ultraviolet irradiation of cells: Exponentially-growing cells, cultivated in the standard
medium, were centrifuged, washed once and resuspended in balanced salt medium (Sicarp 1964)
at a concentration of about 1 X 107 colony-forming units/ml. Two ml of cell suspension were
poured into a petri dish of 5 crm diameter and immediately irradiated with stirring under a 15W
General Electric germicidal lamp at a dose rate of 14 erg/mm? per sec. Samples were withdrawn
at varijous times and plated in nutrient agar medium after appropriate dilutions. All these opera-
tions were made in the dark to avoid possible photoreactivation.

RESULTS

Procedure for obtaining transformation on solid medium: Bacteria from a Cl,
culture diluted in order tc obtain 100 to 150 colonies per plate are spread onto
plates containing 10 ml of solid transformation medium. After 18 hours’ incuba-
tion at 37°, a second thin layer of 3 ml transformation medium supplemented
with 0.809% agar and containing saturating amounts of transforming DNA is
slowly poured onto the surface of the plates. After 6 hours of incubation to allow
transformation to take place, another layer of 10 ml rich medium containing
1.59, agar, 19 horse blood and the selective agent at the appropriate concentra-
tion, is cautiously poured onto the previous layers. After 48 hours of incubation
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at 37° the colonies containing transformed bacteria resistant to the selective
agent can easily be identified by their larger size and the color change in the
blood.

This procedure for detecting transformed cells on the plate is preferable to a
replica-plating method, since pneumococcus colonies are very small and trans-
formants cannot be reliably picked up by the velvet.

Optimal transformation is obtained when the pH of the medium is between
7.8 and 8. Bovine albumin is an absolute requirement but horse blood should be
added only after completion of transformation because it may contain DNA-
inactivating nucleases.

In these conditions, 1009, of the colonies treated with DNA bearing markers
str-r 41 (HE) and opt-r 2 (LE) grow in the presence of streptomycin and 909,
to 1009% of the colonies grow in the presence of optochin. Without DNA no
growth is observed in streptomycin plates, whereas about 29, of the colonies
increase in size in optochin plates.

Procedure for the isolation of recombination-modified mutants: After a muta-
genic treatment, a wild-type culture will contain cells modified in their trans-
formability. The method designed to detect these mutants is based on changes in
the frequencies of singly- and doubly-transformed bacteria after transformation
of individual cells by DNA bearing unlinked markers. If, for instance, the fre-
quency of transformed cells in a wild-type colony is 10-2 for high efficiency
markers such as str-r 41 and ery-ré and 10~ for low efficiency markers like opz-r2
and ami A-r9, then the frequency of doubly-transformed cells will be 10~* for the
str-2 ery-r couple and only 10 for the opt-r ami A-r markers couple. This latter
frequency is so low that a colony will very seldom yield such doubly-transformed
cells for low efficiency markers after transformation on plate. A mutant which
integrates all markers with high efficiency will yield doubly-transformed cells
even with the opt-r ami A-r couple.

The experimental procedure used is shown in Figure 1. Master plates are
prepared from a standard wild-type culture treated with nitrosoguanidine as
described in MATERIALS AND METHODS. Suspensions of mutagenized cells are
diluted and plated. After 24 hours’ incubation at 37° two replica-plating series
are made from each of these master plates onto a total of six plates containing
solid transformation medium. Then, before further incubation, the DNA from
strain 69 bearing two high efficiency (str-r 41 and ery-r6) and two low efficiency
(ami A-r9 and opt-r2) markers is added to the plates in a second layer of 3 ml
transformation medium supplemented with 0.89% agar. Further steps of the pro-
cedure are the same as described above.

Colonies that appear to be modified in their transformability are picked from
the plates without antibiotic and small cultures are prepared. Each culture is
made competent by the pneumococcal activator substance and transformed by
DNA from strain 69 to check the results obtained on plates.

Table 1 summarizes the expected behavior of transformation-deficient and
some recombination-modified mutants.
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Ficure 1.—Experimental procedure for isolation of transformation-deficient and recombina-
tion-modified mutants of Diplococcus pneumoniae. Transforming DNA from strain 69 bearing
str-r41, ery-ré, ami A-r9, opt-r2 markers, is added in a second layer immediately after the replica
plating has been made on all six plates. The combination of antibiotics shown in the figure is

supplied, 6 hours later, in a third layer.

TABLE 1

Ezpected behavior for transformation-deficient and recombination-modified
mutants after transformation on plate*

Plate numbers Classes of

Nature of the clone on the master plate 1 2 3 4 5 6 mutants
Wild-type cells 4 -+ + -+ — + .
Non-transformable mutants — — -+ — — + 1
Poorly transformable mutants -+ — -+ — — -+ 2
Mutants integrating all the

markers with a high efficiency - =+ -+ -+ -+ + 3
Mutants integrating all the

markers with a low efficiency -+ — —+ + — + 4
Mutants no longer integrating

high efficiency markers — — —+ -+ — -+ 5
Mutants no longer integrating

low efficiency markers - -+ -+ — — - 6

* Plate numbers are as indicated in Figure 1. () indicates that the colony grows to a large
size on the indicated plate (see text); (—) indicates that it does not.

Isolation of mutants: A variety of mutants were obtained using the procedure

described above.

A. Mutants modified in their transforming ability

Typically, 1-29 of the colonies obtained from a culture treated with NG fail
to give optochin and streptomycin transformants. Approximately thirty mutants
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Ficure 2.—Ultraviolet sensitivity of transformation-deficient mutants of Diplococcus pneu-
moniae. These mutants were isolated by the method of transformation in solid medium. The
irradiation was carried out as described in MATERIALS AND METHODS.

that do not transform (class 1) or that transform poorly for both HE and LE
markers (class 2) were isolated from five different samples of the same muta-
genized culture. In a preliminary attempt to classify these mutants we deter-
mined their sensitivity to ultraviolet light. Figure 2 shows the rate of loss of
colony-forming ability for some of the most representative ones. According to
their response to UV, three groups can be distinguished: strain 358 and strain
356 are, respectively, 2.5 and 2 times more resistant than the standard wild type;
strain 354 has the same sensitivity as the wild type; strains 355 and 405 are more
sensitive than Cl;. In order to determine the nature of the deficient steps, the
transformation-deficient mutants, whose sensitivities are shown in Figure 2,
were allowed to react with DNA from a streptomycin-resistant strain labelled
with tritiated thymidine. The resulis of these experiments are presented in Table
2. It can be seen that the DNA fails to penetrate into strains 354, 355 and 358
under conditions of high transformability of the wild-type strain. Strain 405
yields transformed cells, but fewer than the wild type. The relative efficiencies of
integration of various markers are the same in strains 405 and C/, (TiraBY 1971).
The decrease in the number of transformed bacteria in strain 405 is partially due
to a decrease in the integration of the transforming DNA into the genome of the
cells, since the number of transformants per count of radioactivity incorporated
1s five times smaller for 405 than it is for Cl,.
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TABLE 2

DNA uptake of transformation-deficient mutanis*

Streptomycin transformants Counts/min/ml
Strain per ml (str-r) (cpm) Str-r/cpm
354 <20 80 —
355 <20 124 —
358 <20 112 —
405 2.1 X 109 4950 42
Cl, 2.43 X 108 10,370 230
Non-competent
Cl 3 <20 90 _—

* An activated culture containing 7 X 107 colony-forming units/ml is treated by tritiated DNA
bearing str-r marker. Measurements are made as described in MATERIALS AND METHODS. Control
non-competent Cl, was made by lowering the pH of the transforming medium.

B. Mutants modified in their recombination ability

Mutants of great interest for studying recombination in pneumococcus are
those that would modify the integration efficiency of HE and-or LE markers com-
pared to the wild-type strain. A few such recombination-modified mutants were
isolated by the method of transformation on plates.

In strain 500 the variation of the integration efficiency for various markers is
less pronounced than in Cl, (Table 3). From the measure of the DNA uptake it
appears that the efficiencies of mainly the HE markers are modified in this strain
(Table 4). The efficiencies of LLE markers are almost the same as in the wild type,
but the efficiency of the streptomycin-resistant marker is lowered. The data in
Table 3 imply that another HE marker tested, ami A-r1, behaves like str-r 41,
since the efficiencies of both markers are the same in strain 500. Based only on
its behavior in transformation on plates, strain 500 falls into group 4 (Table 1).

Mutants 76 and 776 represent another class of recombination-modified
mutants. In these strains the differences in efficiencies between HE and LE

TABLE 3

Relative efficiencies of integration of various markers in recombination-
modified mutants and in the wild-type strain*

Strains
Markers cl, 500 T, 401
ami A-r1 1.2 =01 1.09 =01 1.2 0.82 £ 0.03
ami A-r9 0.15 = 0.05 0.046 = 0.05 0.05 0.82 + 0.03
opt-r2 0.18 £ 0.05 0.39 =+ 0.06 0.05 0.48 + 0.04
str-r41 1.00 1.00 1.00 1.00

* The integration of a given marker is determined by the ratio of the number of transformants
for this marker to the number of transformants for the reference marker conferring resistance to
streptomycin: str-r41. The different strains are transformed by DNA from strain 69 and by DNA
bearing both markers str-r41 and ami A-ri1. The competent cells are allowed to react with DNA
for 20 minutes, and then the cells are plated in a non-selective medium. After 150 minutes incu-
bation at 37° for strains Cl,, 500, 401, and 300 minutes incubation for strain T';, the transformants
are scored by pouring a second layer of medium containing the antibiotic over the first layer.
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TABLE 4

DNA uptake and transformation efficiency in strains Cly (wild type)
and 500 (recombination-modified )*

Number of transformants
per ml of culture

DNA Counts/min/ml
concentration of culture Streptomycin  Optochin
Strains ug/ml (cpm) X 10% X108 Str-r/cpm Opt-r/cpm
Wild type 0.25 14930 313 563
(CLy) 0.25 10370 243 437 1.00 1.00
0.05 2510 57 103
500 0.25 17500 875 341
0.25 9850 74.5 201 0.31 0.67
0.05 2820 23 90

* The measurements were made as described in marTERIALS AND METHODS, The values of
Str-r/cpm and opt-r/cpm are the averages of the values obtained with the three different experi-
ments reported in this table.

markers are amplified, compared to the wild-type strain (Table 3). In addition,
the delay in the complete phenotypic expression after transformation of the LE
markers tested opt-r2 and ami A-r9 is greatly increased in 76 and 716, whereas
this delay is normal for HE markers str-r41 and ami-A r1. Probably because LE
markers are not fully expressed at the time of the selection in transformation on
plates, strains 76 and 776 behave, by this method, like mutants from Class 6
(Table 1).

Mutants from class 3 (Table 1) in which LE marker efficiencies increase to
almost the level of HE marker efficiencies are known. Such mutants were iso-
lated fortuitously many years ago; they include strain Rz (Ravin 1959), strain
84 (Lirman 1961) and, more recently, the Hex~ strains (Lacks 1970). Lacks
established that one specific mutation in the recipient strain was responsible for
the increase of the integration efficiencies of all LE markers. We have also isolated
such a mutant, strain 401, which shows a reduced difference in efficiencies be-
tween markers (LouarN, Tirasy and Sicarp 1970). The properties of this
mutant are described in the accompanying paper. By measuring the uptake of
labelled DNA it will be shown that, in contrast to strain 500, 401 increased the
efficiency principally of the LLE markers. In addition, 40/ and also Rz (Fox,
personal communication) and Hex-1 (Lacks 1970) have the same level of resist-
ance to ultraviolet light as the wild-type strain, whereas the mutation which
modifies the efficiencies of markers in strain 500 confers sensitivity to radiation
(TmraBy 1971).

The method of transformation on plates was used to introduce the gene
accounting for the 407 phenotype into the wild-type strain. The experimental
procedure is as follows: Competent cells of CI; were allowed to react with DNA
from strain 407, and after a tenfold dilution, the cells were incubated for three
hours at 37° to allow segregation of the mutant phenotype. These cells were
tested for transformability on plates as described above and selected for double
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LE-LE transformants resistant to aminopterin and optochin. Only six colonies
developed in the presence of these two antimetabolites. Further tests showed that
two of these colonies displayed the phenotype of the donor 407 strain.

DISCUSSION AND CONCLUSION

The method of transformation on petri dishes reported here and especially
adapted for Diplococcus pneumoniae provides a means of isolating both trans-
formation-deficient mutants and recombination-modified mutants. Recombina-
tion-modified mutants are those in which the pattern of integration of only one
class of markers is altered compared to the wild type.

The first category of mutants isolated includes those which are not transform-
able or poorly transformable as assayed by two different transformation pro-
cedures: the one used for many years in our laboratory (Sicarp 1964), or the
more recent one in which the pneumococcal-activator substance is involved.
Caster, PosteL and GoopeaLn (1970) have isolated transformation-deficient
mutants of Haemophilus influenzae by a similar method of transformation on
plates. These mutants have been divided into four classes according to their abili-
ties to bind and to be transformed by native and denatured DNA. Because pneu-
mococcus is poorly transformable by denatured DNA, the transformation-
deficient mutants of preumococcus are not readily divided according to the same
criterion used by CasTer, Poster and GoobeaLn (1970). A preliminary study of
these latter mutants revealed a great variety within this category. According to
their UV sensitivity, several classes can be distinguished. Therefore genetic
modifications of transformability do not necessarily involve a change in UV
sensitivity. :

The UV resistance of non-transformable bacteria that fail to take up DNA is
unexpected. It is possible that these bacteria are mutated for one gene conferring
resistance to UV and another gene controlling transformability. However, we
isolated two other spontaneous mutants for their UV resistance (TiraBy 1971);
they are also non-transformable. It might be, therefore, that these two properties
depend upon one single gene.

Some non-transformable mutants that show the same UV sensitivity as the
wild type were probably defective in the first steps of DNA uptake. These steps
need several gene products since a number of non-detectable proteins (includ-
ing the pneumococcal activator) in non-competent cells were found in the com-
petent cells (Tomasz 1970; Tomasz and ZaNaTr 1971).

Studies on the physiological state of competence in streptococcus, an organism
related to pneumococcus, are facilitated by the natural occurrence of a variety of
strains of group H streptococcus, deficient in their ability to undergo transfor-
mation. PaAkura, SpENCER and GorpsTeiN (1972) have shown that either the
competence factor or a factor inactivating the donor DNA or both factors were
missing in these transformation deficient mutants. Similarly, non-transformable
or poorly-transformable mutants of pneumococcus cculd be of great help in solv-
ing the problem of competence for DNA uptake.
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One of the UV-sensitive mutants (strain 405) was found to be recombination-
deficient. The properties of this stain (TiraBY and Sicarp, in preparation) are
similar to those of the recombination-deficient pneumococcal mutant A5-5-24
isolated by Vovis and BurTin (1970). As in many other organisms, recombina-
tion-deficient mutants of pneumococcus could be of great interest for the genetical
and biochemical studies of recombination mechanisms.

The second category of mutants includes strains modified in the integration
efficiency of markers. The study of these mutants should provide some new
insight into the mechanisms responsible for the specific efficiencies of markers.
This study is being carried out in our laboratory and some results are presented
in the accompanying paper.

This research was supported by a grant from the “Délégation Géndrale 4 la Recherche Scien-
tifique et Technique.” We wish to thank Dr. N. Sicarp and Miss M. Aurquist for their help in
preparing the manuscript.
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