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Many glucosamine residues of the pneumococcal peptidoglycan (PG) are not acetylated, which makes the PG
resistant to lysozyme. A capsular type III mutant with an inactivated pgdA gene (encoding the peptidoglycan
N-acetylglucosamine deacetylase A) became hypersensitive to exogenous lysozyme and showed reduced viru-
lence in the intraperitoneal mouse model.

Streptococcus pneumoniae colonizes the human nasopharynx
and can cause potentially life-threatening infections. The gly-
can strands in the cell wall peptidoglycan of this bacterium
have been shown to contain a high percentage of nonacetylated
glucosamine residues due to the action of the recently identi-
fied PgdA deacetylase (7), and the relative resistance of the
pneumococcal peptidoglycan to lysozyme parallels this prop-
erty. Chemical N acetylation of isolated peptidoglycan glycan
strands or the isolated pneumococcal peptidoglycan greatly
increased susceptibility of the peptidoglycan to degradation by
lysozyme (7). Deacetylation of peptidoglycan is known to cause
reduced susceptibility of several bacterial species to lysozyme
(1, 2, 3, 8), a muramidase which cleaves the glycosidic bond
between MurNAc and GlcNAc in the glycan strands.

The mutant strain R36A::pPGDA has a nonfunctional pgdA
gene and carries an erythromycin resistance marker due to
insertion duplication mutagenesis using plasmid pPGDA (7).
This strain produces fully acetylated peptidoglycan and is hy-
persensitive to lysozyme in the stationary phase of growth (7).
The encapsulated mutant strain R36A::pPGDA(SIII) (capsu-
lar type III) was constructed by transformation of the nonen-
capsulated strain R36A::pPGDA with DNA from a capsular
type III wild-type strain. The mucous colonies formed by the
encapsulated transformants were clearly distinguishable (on
the basis of their appearance on blood agar plates) from col-
onies of nonencapsulated pneumococci, and the correct cap-
sular type (type III) of the transformants was confirmed by
serotyping. The capsular phenotypes of R36A::pPGDA(SIII)
and the encapsulated parental strain R36A(SIII) as well as the
erythromycin resistance marker in the mutant were stable for
at least 40 generations of growth in antibiotic-free C�Y me-
dium (5). Also, the pgdA mutant cells expressing the type III
capsule showed no morphological abnormalities when investi-
gated by light microscopy and grew with the same generation
time, 37 min, as R36A(SIII) in C�Y medium. Addition of 20
�g of lysozyme per ml to cultures of R36A::pPGDA(SIII)
caused immediate rapid lysis in the stationary phase of growth

(Fig. 1), indicating that the presence of the type III capsule did
not diminish the higher sensitivity of the pgdA mutant towards
exogenous lysozyme, an observation already described for the
nonencapsulated strain R36A (7).

Cultures of R36A::pPGDA(SIII) and the parental strain
R36A(SIII) were grown in cap medium (tryptic soy broth sup-
plemented with 10 mg of glucose per ml, 2.5 mg of Difco yeast
extract per ml, and 10% C�Y medium) to an optical density
(590 nm) of 0.5. After centrifugation, the cells were resus-
pended in ice-cold nonpyrogenic 0.9% saline (Abbott Labora-
tories), and serial dilutions were made in the same solvent. Six
groups of 8-week-old CD1 mice received 102, 103, 104, 105, 106,
and 107 CFU of R36A::pPGDA(SIII) or R36A(SIII) injected
into the peritoneal cavity. The survival of the mice was moni-
tored for 28 days. The pgdA mutant was less virulent than the
parental strain (Fig. 2). For all inocula, more mice which re-
ceived the mutant strain survived and the mean survival time of
these mice was higher. For example, in the group receiving 106

bacteria, 6 of 10 mice receiving the mutant strain survived,
whereas only 1 of 10 mice receiving the parental strain sur-
vived. Statistical analysis using a stratified Wilcoxon/Mann-
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FIG. 1. Increased lysozyme sensitivity of the type III pgdA mutant
strain. R36A::pPGDA(SIII) (squares) and the parental strain
R36A(SIII) (triangles) were grown in C�Y medium. At an optical
density (590 nm) of 0.4, the cultures were divided, and to one part
(closed symbols) 20 �g of lysozyme per ml was added. The control
cultures (open symbols) received no lysozyme.
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Whitney test confirmed the significantly lower virulence of the
pgdA mutant strain (P � 0.005).

The two observations described here, namely, the hypersen-
sitivity of pgdA mutants to exogenous lysozyme and the re-
duced virulence of the mutant, suggest that pgdA may be a
virulence determinant in S. pneumoniae. Lysozyme is part of
the first-line defense mechanism in the human host against

invading bacteria. Accumulation of lysozyme at high concen-
trations occurs in human meningeal disease (6) and was also
experimentally demonstrated in the rabbit model of experi-
mental meningitis after installation of pneumococci into the
cerebrospinal fluid (4). The greatly increased sensitivity of
pneumococcal cultures to exogenous lysozyme in the pgdA
mutant is consistent with the full acetylation of the peptidogly-

FIG. 2. Decreased virulence of the pgdA mutant strain. Groups of 7 to 14 mice received an intraperitoneal injection of 102 (A), 103 (B), 104

(C), 105 (D), 106 (E), and 107 (F) CFU of either R36A::pPGDA(SIII) (closed squares) or the control strain R36A(SIII) (open squares). The
survival of the mice is shown for the experimental period of 28 days.
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can in the mutants. Inactivation of pgdA also caused drastic
reduction in the virulence of S. pneumoniae in the mouse
model of intraperitoneal inoculation. One cannot exclude the
possibility that the reduced virulence of the mutant bacteria
may be an as-yet-undefined indirect consequence of the full
acetylation of peptidoglycan on the pneumococcal surface.
However, we favor a more direct mechanism. We propose that
pgdA is a virulence determinant: deacetylation of the pepti-
doglycan by the activity of PgdA may provide pneumococci
with increased resistance against the lysozyme of the human
host, which translates to the decreased virulence of the mutant.
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