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Insertion-duplication mutagenesis was used to construct a pneumolysin-negative derivative of Streptococcus
pneumoniae. This was achieved by first transforming the nonencapsulated strain Rxl with a derivative of the
vector pVA891 carrying a 690-base-pair DNA fragment from the middle of the pneumolysin structural gene.

DNA was extracted from the resultant erythromycin-resistant, pneumolysin-negative rough pneumococcus and
used to transform S. pneumoniae D39, a virulent type 2 strain. Several erythromycin-resistant transformants
were obtained from two independent experiments, and none of these produced pneumolysin. Southern blot
analysis confirmed that the pneumolysin gene in these transformants had been interrupted by the plasmid-
derived sequences. The pneumolysin-negative mutants showed reduced virulence for mice compared with D39,
as judged by survival time after intranasal challenge, intraperitoneal 50% lethal dose, and blood clearance
studies. Pneumolysin production was reinstated in one of the mutants by transformation with the cloned
pneumolysin gene, with the concomitant loss of erythromycin resistance; the virulence in mice of this isolate
was indistinguishable from that of D39. These results confirm the involvement of pneumolysin in pneumococcal
pathogenesis.

Streptococcus pneumoniae is an important human patho-
gen, which despite the availability of antimicrobial therapy,
continues to cause considerable morbidity and mortality
throughout the world. However, the precise molecular
mechanisms whereby the organism invades and damages
host tissues have yet to be elucidated.

Nevertheless, there is an increasing body of evidence that
pneumolysin, a thiol-activated toxin produced by virtually
all clinical isolates of S. pneumoniae, is directly involved in
pathogenesis. In vitro studies showed that very low doses of
purified pneumolysin inhibit the bactericidal properties of
human polymorphonuclear leukocytes and macrophages (16,
18) as well as the proliferative response of human lympho-
cytes to mitogens (7). Higher toxin doses also cause activa-
tion of the classical complement pathway and depletion of
serum opsonic activity (20). Thus, pneumolysin could func-
tion in pathogenesis by inhibiting phagocytic clearance of
invading pneumococci as well as by interfering with the
establishment of a humoral immune response. Immunization
of mice with purified pneumolysin results in a significantly
increased survival time after intranasal challenge with viru-
lent S. pneumoniae (19).
To facilitate the molecular genetic assessment of the role

of pneumolysin in pathogenesis, we have previously cloned
the S. pneumoniae gene encoding the toxin in Escherichia
coli (17). In the present paper, we describe the construction
of a defined pneumolysin-negative derivative of an encapsu-
lated pneumococcus by insertion-duplication mutagenesis
and compare its virulence with that of its otherwise isogenic
parental type.

MATERIALS AND METHODS

Bacterial strains and plasmids. The S. pneumoniae strains
used were a virulent type 2 strain D39 (1) (obtained from the
National Collection of Type Cultures, London, United King-
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dom; strain NCTC 7466) and its nonencapsulated, highly
transformable derivative Rxl (21). These organisms were

routinely grown in Todd-Hewitt broth-0.5% yeast extract
(THY) or on blood agar. E. coli K-12 DH1 (9) was grown in
Luria-Bertani medium (14) with or without 1.5% Bacto-Agar
(Difco Laboratories, Detroit, Mich.). Plasmid pJCP20, a

derivative of pBR322 carrying the complete S. pneumoniae
pneumolysin gene, has been described previously (17). Plas-
mid pVA891 has also been described previously (13).

S. pneumoniae chromosomal DNA extraction. S. pneumo-

niae chromosomal DNA for use in Southern blot hybridiza-
tion experiments was extracted and purified as previously
described (17). When DNA was to be used for transforma-
tion experiments, the above procedure was followed only as

far as the deoxycholate-induced lysis step, after which the
crude extracts were diluted 10-fold in 1x SSC (lx SSC is
0.15 NaCl plus 0.015 M sodium citrate) and heated at 65°C
for 15 min.

Transformation. Transformation of E. coli with plasmid
DNA was carried out with CaCl,-treated cells as described
by Brown et al. (4). S. pneuimoniae Rxl and D39 were

transformed as previously described (24). Briefly, for Rxl,
cells were grown to the optimum culture density (approxi-
mately 108/ml) in competence medium (THY, 0.2% bovine
serum albumin, 0.01% CaC12) and stored in aliquots at
-70°C after the addition of 10% glycerol. A 1/10 volume of
donor DNA was added to freshly thawed competent Rxl,
and the mixture was incubated at 37°C for 2 h before being
plated on blood agar containing 0.2 ,ug of erythromycin per
ml. D39 was grown to a density of 3 x 108/ml in THY,
diluted 100-fold in competence medium-10% glycerol, and
stored at -70°C. A freshly thawed 0.5-ml aliquot was then
incubated with an equal volume of filter-sterilized competent
Rxl culture supernatant for 20 min at 37°C to induce
competence. Donor DNA was then added, and cells were

incubated and plated out as for Rxl.
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Pneumolysin assay. Pneumolysin activity was determined
by hemolysis assay as previously described (19).

Southern blot analysis. Chromosomal DNA extracted from
the various pneumococcal strains was digested with the
appropriate restriction enzymes under the conditions recom-

mended by the supplier. Digests were electrophoresed on

0.8% agarose gels with a Tris-borate-EDTA buffer system as
described by Maniatis et al. (14). DNA was transferred to
nitrocellulose as described by Southern (22) and then hybrid-
ized to probe DNA, washed, and autoradiographed as de-
scribed by Maniatis et al. (14). Probe DNA was labeled with
32P by the method of Feinberg and Vogelstein (6).

Virulence studies. Intranasal challenge studies were per-

formed on Prince Henry Hospital mice which had been
anaesthetized by intraperitoneal (i.p.) injection with 2 jig of
fentanyl citrate (David Bull Laboratories, Melbourne, Aus-
tralia) and 2 mg of metomidate (Hypnodil; Janssen Pharma-
ceutica, Beerse, Belgium) in 0.2 ml of saline. Aliquots (50 ,u1)
of 4-h serum broth cultures of the various S. pneumoniae
strains (diluted when appropriate with serum broth) were
then introduced into the nostrils. Mice regained conscious-
ness after approximately 1 h. Survival time was recorded,
and the results were analyzed by using the Mann-Whitney U
test (one tailed).
BALB/c mice were used for i.p. 50% lethal dose (LD50)

studies. Serial 10-fold dilutions of fresh 4-h serum broth
cultures of the various pneumococci were prepared in serum
broth, and 0.1-ml aliquots were injected i.p. into groups of
four mice.
Mice used in the blood clearance studies were CBA/N

females. These mice are immune deficient and are unable to
respond to most polysaccharide antigens, including the
pneumococcal capsule, but respond well to protein antigens
(3). Consequently, these mice are particularly susceptible to
pneumococci and would therefore be expected to enable the
detection even of small differences in virulence between
strains. Bacteria were grown in THY to 1 x 108/ml and
diluted to 5 x 106/ml in Ringer solution, and 0.2 ml was

injected via the tail vein. Blood samples were collected at
various times from the retro-orbital plexus, and appropriate
dilutions were plated onto blood agar with or without eryth-
romycin.

RESULTS

Construction of pneumolysin-negative S. pneumoniae.
Pneumolysin-negative S. pneumoniae was constructed by
insertion-duplication mutagenesis using the vector pVA891
(13). This is a deletion derivative of the Escherichia-Str-ep-
tococcus shuttle plasmid pVA838 (12), which has lost the
capacity to replicate autonomously in streptococci. How-
ever, pVA891 retains a streptococcal gene encoding eryth-
romycin resistance. The first stage of the mutagenesis pro-
cedure involved cloning an internal fragment of the
(previously cloned) pneumolysin-coding sequence (17) into
pVA891. To achieve this, a 690-base-pair fragment was

excised from pJCP20 by digestion with Sau3A1 and purified
after electrophoresis on a low-melting-point agarose gel.
This was ligated into pVA891 which had been linearized with
BamHI (Fig. 1) and was transformed into E. coli DH1. The
recombinant plasmid was purified from its E. coli host and
used to transform S. pneumoniae. Homologous recombina-
tion between the 690 base pairs of pneumococcal DNA in the
plasmid and the S. pneumoniae chromosomal pneumolysin
sequence is expected to result in simultaneous incorporation
of the plasmid (encoding erythromycin resistance) into the
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FIG. 1. Scheme for insertion-duplication mutagenesis of the S.
pneunoniae chromosomal pneumolysin gene. The region in pJCP20
labeled pin represents the complete structural gene for pneumolysin.
The homologous region in the S. pneutmoniae chromosome is
cross-hatched. The region in pVA891 labeled erm indicates the
location of the erythromycin resistance gene. B, BamHI; C, Clal; E,
EcoRl; H, Hindlll; and S, Sau3Al.

chromosome and interruption of the pneumolysin-coding
sequence (Fig. 1).

Several attempts to directly transform the encapsulated
type 2 strain D39 to erythromycin resistance with the recom-
binant plasmid, however, were not successful, even in the
presence of competence factor derived from the highly
transformable D39 derivative Rxl. To circumvent this prob-
lem, we adopted a two-step approach. First, we transformed
the nonencapsulated strain Rxl with the recombinant plas-
mid and isolated a single erythromycin-resistant transform-
ant (MIC, >1 ,ug/ml; cf. 0.06 ,ug/ml for Rxl). This isolate did
not produce detectable levels of pneumolysin (i.e., less than
0.5 hemolytic units per ml of culture). A similar culture of
Rxl, by comparison, contained in excess of 100 hemolytic
units of pneumolysin per ml.
To confirm that the pneumolysin gene in the transformant

was inactivated by insertion of the plasmid, chromosomal
DNA was analyzed by Southern blot hybridization. DNA
from Rxl and the transformant was digested with ClaI,
electrophoresed, and transferred to nitrocellulose, as de-
scribed in Materials and Methods. Filters were then probed
with 32P-labeled pVA891 or a 2.9-kilobase (kb) fragment
excised from pJCP20, which contains the complete pneumol-
ysin gene (Fig. 2). The pneumolysin probe hybridized with a
single DNA band in the Rxl digest with an approximate size
of 5.1 kb. However, the digest of the pneumolysin-negative
transformant contained two species with homology to the
pneumolysin probe, with approximate sizes of 7.0 and 4.3
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FIG. 2. Southern blot analysis of transformants. Chromosomal
DNA was extracted from the various pneumococci, digested with
Clal, and subjected to Southern blot analysis using 32P-labeled
pVA891 (A) or the cloned pneumolysin gene (B) as the probe.
Lanes: 1, Rxl; 2, pneumolysin-negative Rxl transformant; 3, D39;
4, PLN-A; 5, PLN-B. The mobilities of various DNA size markers
are also indicated.

kb. This is consistent with insertion of the 6.1-kb recombi-
nant plasmid (which contains a single ClaI site) into the
middle of the pneumolysin gene (Fig. 1). The pVA891 probe
labeled fragments of identical size in the transformant digest
(7.0 and 4.3 kb) but did not label any DNA fragments in the
Rxl digest (Fig. 2), which is also consistent with the pro-

posed model of insertion-duplication mutagenesis. Further
Southern blot hybridization studies (not shown) using EcoRI
and HindlIl digests suggested that the recombinant plasmid
had become incorporated into the S. pneuinoniae chromo-
some as a result of a crossover somewhere between the first
Sau3A1 site and the EcoRI site in the pneumolysin gene.
To construct an encapsulated pneumolysin-negative pneu-

mococcus, the encapsulated strain D39 was then trans-
formed with DNA extracted from the pneumolysin-negative,
erythromycin-resistant transformant of Rxl. One would
expect a higher D39 transformation frequency in this exper-
iment than that previously experienced with the recombinant
plasmid, because the donor DNA was derived from the S.
pneiumoniae chromosome. Two independent transformation
experiments were carried out to minimize the possibility of
cotransformation of spurious S. pneirnoniae sequences
along with the interrupted pneumolysin-erythromycin resis-

tance locus. The first experiment yielded a single erythro-
mycin-resistant D39 transformant, while the second trans-
formation yielded 12. All 13 isolates produced a type 2

capsule (confirmed by Quellung reaction) and required for
inhibition an erythromycin MIC >1 ,ug/ml, but the isolates
failed to produce pneumolysin activity. Also, Western blot
(immunoblot) analysis using antipneumolysin serum failed to
detect any truncated antibody-reactive protein species in
any of the isolates (result not shown).
The transformant from the first experiment (designated

PLN-A) and two transformants selected at random from the
second experiment (designated PLN-B and PLN-C) were

chosen for further analysis. Clal digests of chromosomal
DNA extracted from these three strains and from D39 were

subjected to Southern blot analysis as described above for
the Rxl transformant. The hybridization pattern with the
two probes (pVA891 and the pneumolysin gene from
pJCP20) for D39 was identical to that seen for Rxl (Fig. 2).
Similarly, PLN-A, PLN-B, and PLN-C had hybridization
patterns identical to that observed for the pneumolysin-
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FIG. 3. Intranasal challenge. Groups of mice were anaesthetized
and challenged via the intranasal route with the indicated doses of
D39 (0), PLN-A (0). PLN-B (O), or PLN-C (A). The survival time
of each mouse is shown.

negative Rxl transformant (results for PLN-A and PLN-B
are shown in Fig. 2).
Comparative virulence of D39, PLN-A, PLN-B, and PLN-

C. To determine the effect of the inactivation of the pneu-
molysin gene on virulence, mice were challenged via the
intranasal route with various doses of D39, PLN-A, PLN-B,
and PLN-C (Fig. 3). At the maximum dose tested (5 x 106
CFU) all mice challenged with D39 died within 3.1 days
(median survival time, 2.8 days). Mice challenged with the
same dose of PLN-A, PLN-B, or PLN-C all survived
significantly longer (P < 0.001, Mann-Whitney U test);
median survival times were 9.4, 6.8, and 5.8 days, respec-
tively (these median survival times are not significantly
different from each other). Pneumococci isolated from the
heart blood of these mice immediately after death retained
erythromycin resistance and the inability to produce pneu-
molysin. As the dose was reduced, the overall survival rate
for mice challenged with PLN-A, PLN-B, and PLN-C in-
creased from 14% at 5 x 106 CFU to 44% at 5 x 105 CFU and
78% at 5 x 104 CFU, compared with 0, 33, and 42% for mice
challenged with the respective doses of D39. Thus, the
intranasal LD50 for PLN-A, PLN-B, and PLN-C was ap-
proximately 10 times that for D39.
The i.p. LD50 was also determined using BALB/c mice as

described in Materials and Methods. PLN-A, PLN-B, and
PLN-C had an i.p. LD50 of approximately 3 x 104 CFU
compared with approximately 3 x 102 CFU for D39.

Blood clearance studies were also performed on D39,
PLN-A, PLN-B, and PLN-C. Blood samples were collected
from CBA/N mice at various times after administration of
approximately 106 organisms via the tail vein, and the
number of viable pneumococci per milliliter of blood was
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FIG. 4. Reduced multiplication of pneumolysin-negative pneu-
mococci in vivo. CBA/N female mice were inoculated intravenously
with approximately 106 pneumococci. Five mice received D39 (0).
and six mice received the pneumolysin-negative derivatives (two
mice each for PLN-A, PLN-B, and PLN-C) (0). Blood samples
were collected after 1 min, 1 h, 4 h, 13 h, or 30 h, and the number of
viable bacteria was determined. For each mouse, bacterial counts
were normalized with respect to the 1-min time point (to) (i.e., CFU
per ml at tn/CFU per ml at to). The data shown are geometric means

plus or minus the standard error for the two groups. Symbols: *.

significantly different from D39, P < 0.02 (Student's t test); **

significantly different from D39, P < 0.001 (Student's t test); t, five
of five mice dead in <24 h (mean, 18.2 h); #, two of six mice dead
at 130 and 208 h, respectively (significantly different from D39. P <
0.005, Mann-Whitney U test).

determined (Fig. 4). For the mice challenged with D39, the
number of bacteria had increased 8-fold after 4 h and
2,600-fold after 13 h; all five of these mice died within 24 h.
For mice challenged with PLN-A, PLN-B, or PLN-C, the
multiplication rate of the pneumococci in the blood was

significantly lower. The number of bacteria per milliliter of
blood had increased only 1.8-fold and 33-fold after 4 and 13
h, respectively. At 30 h after challenge, bacterial counts
were only 2.5-fold greater than at zero time. Duplicate
plating of all blood samples on erythromycin plates con-
firmed that erythromycin resistance was being stably main-
tained in the absence of selection throughout the experi-
ment. In contrast to the results for D39, only two of the six
mice challenged with pneumolysin-negative pneumococci
died (one at 130 h and the other at 208 h; P < 0.005,
Mann-Whitney U test). Again, pneumococci isolated from
the heart blood had retained the erythromycin-resistant,
pneumolysin-negative phenotype.

Isolation of a pneumolysin-positive revertant. It could be
argued that the obviously reduced virulence of the pneumol-
ysin-negative D39 derivatives was due to cotransformation
with other DNA sequences from the pneumolysin-negative
Rxl donor. This was unlikely, since D39 transformants from
independent experiments showed an identical change in the
structure of the pneumolysin locus and an identical reduc-
tion in virulence. The objection was quashed, however, by
constructing a pneumolysin-positive, erythromycin-sensi-
tive revertant of PLN-A. This was achieved by transforming
PLN-A with a purified 2.9-kb Clal DNA fragment from
pJCP20. This fragment contains 350 base pairs of vector
DNA and 2.55 kb of cloned pneumococcal DNA, including
the complete (1.5-kb) pneumolysin-coding sequence. Ho-
mologous double recombination between this fragment and
the PLN-A chromosome could result in reconstitution of a

complete copy of the pneumolysin gene in the chromosome,
with simultaneous elimination of the pVA891-derived se-

quences, including the erythromycin resistance determinant.
The transformation mixture was enriched for erythromycin-
sensitive transformants, at the end of the standard 2-h
incubation, by the addition of 0.07 pg of erythromycin per
ml, followed 15 min later by 100 jig of ampicillin per ml.
Cells able to grow in the presence of erythromycin are
expected to be selectively killed by the ampicillin. After a
further 6 h of incubation at 37°C, the cells were washed and
plated on blood agar. The resultant colonies were then
replated on blood agar with or without erythromycin. Ap-
proximately 20% of these were erythromycin sensitive, and
of six tested, all produced similar amounts of pneumolysin to
D39. No such revertants were obtained when the cloned
pneumolysin gene was omitted from the transformation
reaction. Two of the back-transformants (designated PLN-
A-1 and PLN-A-2) were subjected to Southern blot analysis.
Clal digests of chromosomal DNA exhibited a hybridization
pattern identical to D39, using either pVA891 or the pneu-
molysin gene as a probe (result not shown). This confirmed
the reconstitution of the pneumolysin gene and the elimina-
tion of the pVA891-derived sequences. The virulence of
PLN-A-1 and PLN-A-2 was then compared with that of D39
by challenging groups of seven mice by the intranasal route
with 5 x 106 organisms. No mice survived longer than 3
days, and the median survival times were 2.7, 2.1, and 2.1
days for PLN-A-1, PLN-A-2, and D39 respectively. Thus,
full virulence had been restored by reconstitution of the
pneumolysin gene.

DISCUSSION

Previous studies in this laboratory (19) provided the first
direct evidence for the involvement of pneumolysin in
pneumococcal pathogenesis by showing that mice immu-
nized with the purified toxin survived significantly longer
than did control mice after intranasal challenge with virulent
S. pneuumoniae. The protection observed in that study was
not complete, however, which may have been due to failure
to achieve sufficient antibody levels of the appropriate
immunoglobulin class at the appropriate site (i.e., blood or
mucosae). Alternatively, the incomplete protection imparted
by immunization with pneumolysin may have been attribut-
able to production of other toxic virulence factors by the
invading pneumococci.

In the present study, we have used molecular genetic
techniques to directly assess the role of pneumolysin in
pneumococcal virulence. Insertion-duplication mutagenesis
was used to construct an encapsulated strain of S. pneumo-
iiae which was unable to produce pneumolysin. This re-
sulted in a reduction in virulence for mice, as judged by
survival time after intranasal challenge and by i.p. LD5( and
blood clearance studies. Full virulence was restored when
pneumolysin production was reconstituted by back-transfor-
mation with the cloned pneumolysin gene. Random inser-
tions of pVA891 into the chromosome have previously been
shown not to alter the virulence of D39 (15). The effects
observed in the present study are therefore directly attribut-
able to the pneumolysin locus itself, which clearly estab-
lishes its importance in the pathogenesis of pneumococcal
disease. However, the possibility cannot be eliminated that
our observations might be due in part to polar effects on
sequences downstream of the toxin-coding sequence. The
sequence of the 30 nucleotides immediately downstream of
the pneumolysin gene has been reported (23), but it does not
appear to contain sequences resembling any known tran-
scription termination signals. Notwithstanding this element
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of uncertainty, the fact that the survival times of mice
challenged with our pneumolysin-negative derivatives are
similar to those previously reported for pneumolysin-immu-
nized mice challenged with D39 (19) strongly supports the
conclusion that our observed effects are indeed a conse-
quence of inactivation of the pneumolysin structural gene.
The fact that the pneumolysin-negative pneumococcus

was not completely avirulent for mice (a result which is
consistent with our earlier immunization-challenge experi-
ments [19]) is interesting. Inactivation of the pneumolysin
gene increased the intranasal and i.p. LDros approximately
10'-fold and 102-fold, respectively. This increase in LD$,( is
less dramatic than that observed for Listeriii mo1l0o(Xtogetles
when the gene for its related thiol-activated toxin (listeriol-
ysin) is inactivated by transposon mutagenesis (8). In a
previous study (15), D39 mutants deficient in the production
of pneumococcal surface protein A were generated by the
same technique as that used here (pVA891 insertion). Inter-
estingly, the surface-protein-A-negative pneumococci are
also reduced in virulence, having an elevated intravenous
LD,( and increased survival time, but nevertheless, like the
pneumolysin-negative mutants, they are still capable of
eventually killing mice. Pneumococcal surface protein A and
pneumolysin are, to our knowledge, the only pneumococcal
products other than the capsule whose role in virulence has
been confirmed by genetic means. It would be of great
interest to examine the virulence of pneumococci lacking
both these proteins. Nevertheless, the possibility remains
that S. pneimoniae is capable of producing other potentially
lethal factors. Pneumococcal neuraminidase (10) and pur-
pura-producing principle (5) are possible candidates. We
have recently shown that immunization of mice with neur-
aminidase results in increased survival time after intranasal
challenge (11). We have also cloned the pneumococcal
neuraminidase gene in E. (oli (2), and this will facilitate the
genetic assessment of its contribution to virulence.

While the involvement of pneumolysin in pathogenesis has
now been established beyond reasonable doubt (at least in a
mouse model), its precise in vivo function has yet to be
elucidated. The rate of growth of the pneumolysin-negative
pneumococcus and its parental type are identical in vitro,
but the blood clearance studies presented here have shown
clear differences in the rate of in vivo multiplication after
intravenous inoculation into mice. This may reflect more
efficient phagocytic clearance of the pneumolysin-negative
pneumococcus compared with clearance of its toxin-pro-
ducing parent. Such an interpretation would be consistent
with earlier in vitro studies which showed that very low
doses of purified pneumolysin significantly inhibited the
bactericidal activity of human polymorphonuclear leuko-
cytes and macrophages (16, 18). The generation of strains of
encapsulated S. pnuiwmoniae which differ genetically only at
the pneumolysin locus will be a useful tool for further in vivo
studies of the role of the toxin in pneumococcal pathogene-
Sis.
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