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psaA encodes a 37-kDa pneumococcal lipoprotein which is part of an ABC Mn(II) transport complex.
Streptococcus pneumoniae D39 psaA mutants have previously been shown to be significantly less virulent than
wild-type D39, but the mechanism underlying the attenuation has not been resolved. In this study, we have
shown that psaA and psaD mutants are highly sensitive to oxidative stress, i.e., to superoxide and hydrogen
peroxide, which might explain why they are less virulent than the wild-type strain. Our investigations revealed
altered expression of the key oxidative-stress response enzymes superoxide dismutase and NADH oxidase in
psaA and psaD mutants, suggesting that PsaA and PsaD may play important roles in the regulation of
expression of oxidative-stress response enzymes and intracellular redox homeostasis.

Streptococcus pneumoniae is a cause of high morbidity and
mortality around the world (10). The emergence of antibiotic-
resistant pneumococci and the limitations of current vaccines
have led to increased interest in understanding the molecular
mechanisms that underpin the pathogenesis of this bacterium
(21, 22). A large number of virulence factors in S. pneumoniae,
many of which are associated with the cell surface, have been
described (21). Of particular interest is the pneumococcal sur-
face antigen PsaA (26). Purified PsaA was shown to be a
protective immunogen in mice (29). Further studies demon-
strated that insertional inactivation of the psaA gene in the
type 2 strain D39 significantly reduced its virulence in mice in
both an intranasal- and an intraperitoneal-challenge model (3).
These observations have led to the suggestion that PsaA might
be an effective vaccine antigen in humans. Also, mutation of
psaD, a gene immediately downstream of psaA, resulted in a
small but significant difference in virulence relative to that of
the parental strain, D39, in a low-dose intraperitoneal-chal-
lenge model, suggesting that PsaD may also contribute to
pathogenesis (3).

psaABC encodes an ATP-binding cassette (ABC) manga-
nese permease; psaD is part of the psa operon and encodes a
putative thiol peroxidase (4). PsaA exhibits amino acid
sequence similarity to several streptococcal lipoproteins, in-
cluding ScaA from Streptococcus gordonii (16), SsaB from
Streptococcus sanguinis (9), and FimA from Streptococcus para-
sanguinis (8). These proteins all appear to have direct or indi-
rect roles in promoting bacterial adhesion to host cells. Se-
quence analysis of PsaA and related proteins has demonstrated
that they form a novel class of bacterial solute binding proteins,
the cluster IX family (6). Further experiments have shown that
these solute binding proteins are components of ABC-type

permeases that transport divalent cations such as Zn(II),
Fe(II), and Mn(II) across the cytoplasmic membrane (6).
There is strong physiological evidence that PsaA is involved in
the transport of Mn(II); a mutation in psaA in S. pneumoniae
led to an absolute requirement of Mn(II) for growth (6). Man-
ganese is increasingly recognized as a key metal in bacterial
cellular physiology, particularly in relation to the oxidative-
stress response (13). In Salmonella enterica serovar Typhi-
murium, the mntH gene has been demonstrated to encode a
secondary transporter for Mn(II) (15). Transcription of mntH
was induced by hydrogen peroxide, and mntH mutants were
found to be susceptible to peroxide killing. Recently, for Neis-
seria gonorrhoeae a putative ABC permease with a periplasmic
binding protein (MntC) that was closely related to PsaA and
other proteins of the cluster IX family of solute binding pro-
teins was identified (30). A mutation in mntC significantly
decreased the uptake of Mn(II) into the gonococcus, a finding
consistent with a role for this protein in Mn(II) uptake. How-
ever, it was also observed that mntC mutants were highly sen-
sitive to killing by superoxide compared to wild-type cells. This
observation raised the possibility that the ABC-type Mn(II)
permeases might have a key role in the protection of the
bacterial cell against oxidative killing.

In this paper, we report the effects of oxidative stress on
psaA and psaD mutants of S. pneumoniae and the induction of
enzymes involved in the oxidative-stress response.

Sensitivity of psaA and psaD mutants to oxidative killing.
Construction of psaA and psaD insertion duplication mutants
of S. pneumoniae strain D39 has been described previously (3).
These cells were grown on blood agar for 16 h and resus-
pended in Todd-Hewitt broth with 1% yeast extract. A total of
104 cells were exposed to 60 mM paraquat (Sigma) over a 2-h
period. At time intervals, samples were taken and the number
of viable cells was determined by plating onto blood agar.
Figure 1 shows that over the 2-h period, there was a slow loss
of the viability of wild-type cells. In control experiments with-
out the addition of paraquat, no loss of viability was observed
(data not shown). In contrast, the psaA mutant was highly
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susceptible to killing by paraquat, and killing was essentially
complete after about 10 min of exposure to this reagent (Fig.
1). However, the psaD mutants exhibited a level of sensitivity
to paraquat that was similar to that of the wild type, D39 (Fig.
1). This may explain why the psaA mutant showed a significant
reduction in virulence while the psaD mutant showed only a
small reduction in virulence in the mouse model (3). Paraquat
is a redox compound that is reduced by low-potential electron
donors inside the bacterial cell and is then oxidized by molec-
ular oxygen, thereby generating superoxide in the cytoplasm
(11). The futile redox cycling of paraquat generates a reactive
oxygen species but has an additional effect on redox processes
in the cell by depleting low-potential reducing agents, such as
NADH (11). To determine whether the psaA and psaD mu-
tants were sensitive to the superoxide anion outside of the cell,
we used a different generator, 5 mM xanthine and 350 mU of
xanthine oxidase (Sigma)/ml. The wild-type S. pneumoniae was
highly susceptible to killing by the xanthine-xanthine oxidase
system; no viable cells could be recovered after 1 h. However,
exposure of cells to superoxide over a period of 10 min resulted
in only a small loss in viability. In contrast to the results of
experiments using paraquat as a generator of reactive oxygen
species, the psaA and psaD mutants exhibited almost the same
sensitivity to externally generated superoxide as wild-type D39
(result not shown). Taken together, these data suggested that
the psaA and psaD mutants were more sensitive to oxidative
killing than the wild-type cells but that this sensitivity was not
directly associated with the superoxide anion.

PsaA and psaD mutants are sensitive to killing by hydrogen
peroxide. We reasoned that the difference in levels of suscep-
tibility to paraquat between the two psa mutants and the wild-
type cells might be associated with a failure of the mutants to
cope with one of the products of superoxide dismutation, hy-
drogen peroxide (H2O2). In order to determine whether the
psaA and psaD mutants were sensitive to H2O2, a survival test
was carried out according to the method of Johnson et al. (14).
Cells were grown on blood agar, blood agar plus 100 �M
MnSO4, or blood agar plus 100 �M FeCl2 before being as-
sayed. Then, cells were exposed to 40 mM H2O2 at room

temperature for 15 min. Compared to the wild type (D39), the
psaA and psaD mutants were very sensitive to H2O2 (Fig. 2).
Since PsaA is a component of a potential Mn(II) permease, we
tested whether Mn(II) could provide protection against killing
by H2O2. We found that Mn(II) supplementation in the growth
medium led to a twofold greater rate of survival. The survival
rates of the psaA and psaD mutants grown on Mn(II) are
significantly different from those observed without any supple-
ment (P � 0.01414 and 0.01352, respectively; Student’s t test).
In contrast, Fe(II) did not provide any protection and possibly
caused cells to be slightly more susceptible to killing.

Sensitivity of psaA mutants to oxidative killing is indepen-
dent of the Mn(II) ion and SodA. Recently, it has been dem-
onstrated that Mn(II) limitation lowers manganese superoxide
dismutase (SodA) activity in Streptococcus suis, a finding con-
sistent with the role of this ion in enzyme activity (19). Fur-
thermore, a sodA mutant of S. pneumoniae is susceptible to
paraquat killing (32). The possibility that hypersensitivity to
oxidative killing in the psaA mutant was a consequence of
Mn(II) limitation was therefore examined. Superoxide dis-
mutase activity was measured by the method of Crapo et al.
(5). Figure 3A shows that Mn(II) supplementation did not
greatly alter the level of Sod activity in wild-type cells (P �
0.4466). However, in the psaA mutant, there was a 30% de-
crease in Sod activity in cells cultured without supplemented
Mn(II) and there was a 40% decrease in Sod activity in the
psaD mutant. This is consistent with the role of the PsaABC
transport system in Mn(II) uptake.

An additional experiment was carried out to determine
whether the reduced activity of SodA in Mn(II)-limited cells
was correlated with increased sensitivity to oxidative killing.
We grew S. pneumoniae on blood agar in the presence of 100

FIG. 1. Paraquat killing of the S. pneumoniae D39 wild-type strain
(circles) and psaA (squares) and psaD (triangles) mutants. Experi-
ments were performed in triplicate. Error bars indicate �1 standard
deviation of the mean.

FIG. 2. H2O2 survival test of the S. pneumoniae D39 wild-type
strain and psaA and psaD mutants. In the assay, cells were grown on
blood agar (open columns), blood agar plus 100 �M MnSO4 (filled
columns), or blood agar plus 100 �M FeCl2 (hatched columns). Ex-
periments were performed in triplicate. Error bars indicate �1 stan-
dard deviation of the mean. Student’s t test was performed to deter-
mine the statistical significance among different samples. The psaA and
psaD mutants grown on Mn(II) survived at significantly higher rates
than did those grown without any supplement (P � 0.01414 and
0.01352, respectively).
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�M MnSO4. Growth in the presence of Mn(II) did not affect
resistance to oxidative killing in wild-type cells or the psaA or
psaD mutants as measured by the paraquat or xanthine-xan-
thine oxidase killing assay; the results (not shown) were essen-
tially the same as those shown in Fig. 1 for growth in the
absence of exogenous Mn(II). Since the psaA mutant supple-
mented with Mn(II) had essentially the same level of sensitivity
to paraquat challenge as the mutant without Mn(II), lowered
SodA activity cannot explain the hypersensitivity of the psaA
mutant to oxidative killing.

psaA and psaD mutants have elevated Nox activity. Although
streptococci are not able to respire by using oxygen as an
electron acceptor (17), they are aerotolerant and possess en-
zymes that can reduce oxygen in non-energy-conserving reac-
tions (12). These reactions help dissipate excess reducing
power generated during fermentation reactions. Of particular
importance is NADH oxidase (Nox), a flavoprotein that re-
duces oxygen to H2O (33). Nox activities were measured by the
method of Ahmed and Claiborne (1). We observed that the
psaA mutant had a level of Nox activity approximately six times
higher than that of the wild-type cells when both were grown in
the absence of Mn(II) and that the psaD mutant had about
fourfold-higher Nox activity than the wild type (Fig. 3B). Mn
did not affect the amounts of Nox produced in the wild type
and the psaD mutant (P � 0.5925 and 0.5705, respectively). In
contrast, the psaA mutant had a lower level of Nox activity
when it was grown on Mn than when it was grown without the
supplement (Fig. 3B).

Discussion. The surface antigen PsaA has attracted much
attention in pneumococcal research as a consequence of the
observation that a psaA mutant is avirulent in a mouse model
system (3) and that PsaA can act as a protective immunogen in
mice (29). As a consequence, PsaA has been discussed as a
potential vaccine candidate or drug target (21). However, the
effect of a psaA mutation on pneumococcal physiology appears
to be complex, and previous studies have not been in agree-
ment (4, 20). In this paper, we have shown that psaA mutants
are hypersensitive to killing by the oxidative-stress mediator
paraquat. This sensitivity to oxidative killing may be a major
contributor to the avirulence phenotype of psaA mutants, since
such cells would be less likely to survive attacks by innate host
defense systems.

Understanding the mechanisms of resistance to oxidative
stress in bacteria is a well-developed field for which a variety of
strategies have been described. With regard to the removal of
superoxide, it appears that S. pneumoniae relies primarily on
MnSod (SodA) (32). It has already been established that a
sodA mutant of this bacterium has reduced intranasal virulence
in mice (32). In Streptococcus pyogenes, MnSod is also secreted
to the cell surface, where it can dismutate exogenous superox-
ide. In the xanthine-xanthine oxidase killing assay, superoxide
is produced outside the cell, and it is interesting that wild-type
S. pneumoniae and the psaA mutant showed essentially iden-
tical killing curves when superoxide was generated exog-
enously. This result contrasts with our observations for the
gram-negative bacterium N. gonorrhoeae, in which a mutation
in mntC, which is equivalent to psaA, caused cells to be far
more sensitive to killing by superoxide produced by the xan-
thine-xanthine oxidase system than wild-type cells were (30).
An additional difference between gonococcus and pneumococ-
cus is that the latter has a thick peptidoglycan cell wall, and this
may also help quench exogenous superoxide. Whatever the
mechanism of protection against superoxide, it does not ap-
pear that a change in the level of activity of MnSod can account
for the reduced level of resistance to oxidative stress seen in
the psaA mutant challenged with paraquat. Sod activity levels
were lower in the psaA and psaD mutants grown without Mn
supplementation, indicating that the PsaABC transport system
probably does have a key role in providing Mn(II) for the cell.
However, since Mn supplementation did not provide protec-

FIG. 3. Superoxide dismutase (SOD) (A) and Nox (B) activities in
the S. pneumoniae D39 wild-type strain and psaA and psaD mutants. In
this assay, cells were grown on blood agar (open columns) or blood
agar plus 100 �M MnSO4 (filled columns). Experiments were per-
formed in triplicate. Error bars indicate �1 standard deviation of the
mean. Student’s t test was performed to determine the statistical sig-
nificance among different samples. Mn(II) supplementation did not
significantly increase Sod activity in the wild-type cells (P � 0.4466). In
the psaA and psaD mutants, Mn(II) significantly increased Sod activ-
ities (P � 0.0444 and 0.0006, respectively). The addition of Mn(II) did
not significantly alter the levels of Nox production in the wild type or
the psaD mutant (P � 0.5925 and 0.5705, respectively). In contrast, the
psaA mutant had lower Nox activity when it was grown on Mn(II) than
when it was grown without the supplement (P � 0.0248).
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tion against paraquat killing for the psaA mutant, it can be
concluded that failure to protect against superoxide is not the
primary cause of the sensitivity of these mutants to oxidative
stress.

Hydrogen peroxide is another reactive oxygen species that
can cause damage to DNA and other cell components. Hydro-
gen peroxide is produced by S. pneumoniae by means of su-
peroxide dismutase and via the action of pyruvate oxidase
(SpxB), an enzyme that is known to have an important role in
virulence (27). There is evidence that hydrogen peroxide pro-
duced by S. pneumoniae is cytotoxic towards alveolar epithelial
cells (in culture) and that this oxidizing agent may also limit the
growth of competitive floras such as Haemophilus influenzae
(23). Since S. pneumoniae lacks catalase, the question of how it
defends itself against hydrogen peroxide is of critical impor-
tance in relation to oxidative stress for this bacterium. Ferrous
iron [Fe(II)] potentiates the effects of hydrogen peroxide by
reacting with it to form hydroxyl radical, a far more toxic and
damaging reactive oxygen species (24). S. pneumoniae lacks a
respiratory chain and is one of a small group of bacteria that
may have no need of iron for growth (25). The presence of
Mn(II) may help protect against hydrogen peroxide, since this
ion has been shown to quench this molecule (28). The presence
of Mn(II) did improve the survival of the psaA and psaD
mutants in the hydrogen peroxide killing assay. However, even
in the presence of Mn(II), both mutants were much more
sensitive to hydrogen peroxide killing than were wild-type cells.
Thus, the phenotype of psaA and psaD mutants is not simply a
consequence of a loss of the ability to transport Mn(II) via a
high-affinity transporter.

The reason why psaA and psaD mutants are so sensitive to
oxidative killing is still not understood, but the availability of
microarrays may very soon help define the cell components
that are regulated via this system. One candidate is Dps-like
peroxide resistance (Dpr), a protein that is recognized to be of
central importance in the defense against hydrogen peroxide in
Streptococcus mutans (31). In view of the profound effects of
the psaA and psaD mutations on the defense against oxidative
stress for S. pneumoniae, it seems likely that PsaA and PsaD
are components of a signal transduction system involved in the
response to oxidative stress. It is very interesting that Nox
levels increased sixfold in the psaA mutant. Nox is required for
optimal competence expression in aerobic cultures (2), since it
seems to interact with the regulators of competence develop-
ment ciaRH and comCDE at the transcriptional and posttran-
scriptional levels (7). The observation that Nox levels increase
in a psaA mutant suggests that the avirulence phenotype of the
psaA mutant is associated with a defect in redox homeostasis.
Nox catalyzes the oxidation of two NADH molecules per ox-
ygen molecule reduced (33). Excess Nox activity may result in
a low ratio of NADH to NAD� that may have serious conse-
quences for carbon metabolism in the cell. In Lactobacillus
lactis, overexpression of Nox results in a low NADH/NAD�

ratio, and this diverts pyruvate away from its conversion to
lactate via lactate dehydrogenase and instead to other path-
ways (18). In the S. pneumoniae psaA mutant, the elevated Nox
activity probably has a similar effect, and this will lead to
excessive production of hydrogen peroxide by pyruvate oxi-
dase, with its attendant killing effects (23).

In summary, the avirulence of the psaA mutant of S. pneu-

moniae appears to be linked to lowered resistance to oxidative
stress. We suggest that PsaA and, possibly, PsaD are compo-
nents of a signal transduction pathway that regulates redox
homeostasis in S. pneumoniae and as a consequence influences
the response of this bacterium to oxidative stress.
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REFERENCES

1. Ahmed, S. A., and A. Claiborne. 1989. The streptococcal flavoprotein NADH
oxidase. J. Biol. Chem. 264:19856–19863.

2. Auzat, I., S. Chapuy-Regaud, G. Le Bras, D. Dos Santos, A. D. Ogunniyi, I.
Le Thomas, J. R. Garel, J. C. Paton, and M. C. Trombe. 1999. The NADH
oxidase of Streptococcus pneumoniae: its involvement in competence and
virulence. Mol. Microbiol. 34:1018–1028.

3. Berry, A. M., and J. C. Paton. 1996. Sequence heterogeneity of PsaA, a
37-kilodalton putative adhesin essential for virulence of Streptococcus pneu-
moniae. Infect. Immun. 64:5255–5262.

4. Claverys, J. P., C. Granadel, A. M. Berry, and J. C. Paton. 1999. Penicillin
tolerance in Streptococcus pneumoniae, autolysis and the Psa ATP-binding
cassette (ABC) manganese permease. Mol. Microbiol. 32:881–883.

5. Crapo, J. D., J. M. McCord, and I. Fridovich. 1984. Preparation and assay of
superoxide dismutases. Methods Enzymol. 105:382–393.

6. Dintilhac, A., G. Alloing, C. Granadel, and J.-P. Claverys. 1997. Competence
and virulence of Streptococcus pneumoniae: Adc and Psa mutants exhibit a
requirement for Zn and Mn resulting from inactivation of putative ABC
metal permeases. Mol. Microbiol. 25:727–739.

7. Echenique, J. R., and M.-C. Trombe. 2001. Competence repression under
oxygen limitation through the two-component MicAB signal-transducing
system in Streptococcus pneumoniae and involvement of the PAS domain of
MicB. J. Bacteriol. 183:4599–4608.

8. Fenno, J. C., D. J. LeBlanc, and P. Fives-Taylor. 1989. Nucleotide sequence
analysis of a type 1 fimbrial gene of Streptococcus sanguis FW213. Infect.
Immun. 57:3527–3533.

9. Ganeshkumar, N., P. M. Hannam, P. E. Kolenbrander, and B. C. McBride.
1991. Nucleotide sequence of a gene coding for a saliva-binding protein
(SsaB) from Streptococcus sanguis 12 and possible role of the protein in
coaggregation with actinomyces. Infect. Immun. 59:1093–1099.

10. Garenne, M., C. Ronsmans, and H. Campbell. 1992. The magnitude of
mortality from acute respiratory infections in children under 5 years in
developing countries. World Health Stat. Q. 45:180–191.

11. Hassett, D. J., B. E. Britigan, T. Svendsen, G. M. Rosen, and M. S. Cohen.
1987. Bacteria form intracellular free radicals in response to paraquat and
streptonigrin. J. Biol. Chem. 262:13404–13408.

12. Higuchi, M. 1984. The effect of oxygen on the growth and mannitol fermen-
tation of Streptococcus mutans. J. Gen. Microbiol. 130:1819–1826.

13. Jakubovics, N. S., and H. F. Jenkinson. 2001. Out of the iron age: new
insights into the critical role of manganese homeostasis in bacteria. Micro-
biology 147:1709–1718.

14. Johnson, S. R., B. M. Steiner, D. D. Cruce, G. H. Perkins, and R. J. Arko.
1993. Characterization of a catalase-deficient strain of Neisseria gonorrhoeae:
evidence for the significance of catalase in the biology of N. gonorrhoeae.
Infect. Immun. 61:1232–1238.

15. Kehres, D. G., M. L. Zaharik, B. B. Finlay, and M. E. Maguire. 2000. The
NRAMP proteins of Salmonella typhimurium and Escherichia coli are selec-
tive manganese transporters involved in the response to reactive oxygen.
Mol. Microbiol. 36:1085–1100.

16. Kolenbrander, P. E., R. N. Andersen, and N. Ganeshkumar. 1994. Nucleo-
tide sequence of the Streptococcus gordonii PK488 coaggregation adhesin
gene, scaA, and ATP-binding cassette. Infect. Immun. 62:4469–4480.

17. Konings, W. N., and R. Otto. 1983. Energy transduction and solute transport
in streptococci. Antonie Leeuwenhoek 49:247–257.

18. Lopez de Felipe, F., M. Kleerebezem, W. M. de Vos, and J. Hugenholtz. 1998.
Cofactor engineering: a novel approach to metabolic engineering in Lacto-
coccus lactis by controlled expression of NADH oxidase. J. Bacteriol. 180:
3804–3808.

19. Niven, D. F., A. Ekins, and A. A.-W. Al-Samaurai. 1999. Effects of iron and
manganese availability on growth and production of superoxide dismutase by
Streptococcus suis. Can. J. Microbiol. 45:1027–1032.

20. Novak, R., J. S. Braun, E. Charpentier, and E. Tuomanen. 1998. Penicillin
tolerance genes of Streptococcus pneumoniae: the ABC-type manganese per-
mease complex Psa. Mol. Microbiol. 29:1285–1296.

21. Paton, J. C. 1998. Novel pneumococcal surface proteins: role in virulence
and vaccine potential. Trends Microbiol. 6:85–87.

22. Paton, J. C., A. M. Berry, and R. A. Lock. 1997. Molecular analysis of
putative pneumococcal virulence proteins. Microb. Drug Resist. 3:1–10.

23. Pericone, C. D., K. Overweg, P. W. M. Hermans, and J. N. Weiser. 2000.
Inhibitory and bactericidal effects of hydrogen peroxide production by Strep-

1638 NOTES INFECT. IMMUN.

 on O
ctober 20, 2015 by U

niversity of Q
ueensland Library

http://iai.asm
.org/

D
ow

nloaded from
 

http://iai.asm.org/


tococcus pneumoniae on other inhabitants of the upper respiratory tract.
Infect. Immun. 68:3990–3997.

24. Pierre, J. L., and M. Fontecave. 1999. Iron and activated oxygen species in
biology: the basic chemistry. Biometals 12:195–199.

25. Posey, J. E., and F. C. Gherardini. 2000. Lack of a role for iron in the Lyme
disease pathogen. Science 288:1651–1653.

26. Russell, H., J. A. Tharpe, D. E. Wells, E. H. White, and J. E. Johnson. 1990.
Monoclonal antibody recognizing a species-specific protein from Streptococ-
cus pneumoniae. J. Clin. Microbiol. 28:2191–2195.

27. Spellerberg, B., D. R. Cundell, J. Sandros, B. J. Pearce, I. Idanpaan-Heik-
kila, C. Rosenow, and H. R. Masure. 1996. Pyruvate oxidase, as a determi-
nant of virulence in Streptococcus pneumoniae. Mol. Microbiol. 19:803–813.

28. Stadtman, E. R., B. S. Berlett, and P. B. Chock. 1990. Manganese-dependent
disproportionation of hydrogen peroxide in bicarbonate buffer. Proc. Natl.
Acad. Sci. USA 87:384–388.

29. Talkington, D. F., B. G. Brown, J. A. Tharpe, A. Koenig, and H. Russell.
1996. Protection of mice against fatal pneumococcal challenge by immuni-

zation with pneumococcal surface adhesin A (PsaA). Microb. Pathog. 21:
17–22.

30. Tseng, H.-J., Y. Srikhanta, A. G. McEwan, M. P. Jennings. 2001. Accumu-
lation of manganese in Neisseria gonorrhoeae correlates with resistance to
oxidative killing by superoxide anion and is independent of superoxide dis-
mutase activity. Mol. Microbiol. 40:1175–1186.

31. Yamamoto, Y., M. Higuchi, L. B. Poole, and Y. Kamio. 2000. Role of the dpr
product in oxygen tolerance in Streptococcus mutans. J. Bacteriol. 182:3740–
3747.

32. Yesilkaya, H., A. Kadioglu, N. Gingles, J. E. Alexander, T. J. Mitchell, and
P. W. Andrew. 2000. Role of manganese-containing superoxide dismutase in
oxidative stress and virulence of Streptococcus pneumoniae. Infect. Immun.
68:2819–2826.

33. Yu, J., A. P. Bryant, A. Marra, M. A. Lonetto, K. A. Ingraham, A. F. Chalker,
D. J. Holmes, D. Holden, M. Rosenberg, and D. McDevitt. 2001. Character-
ization of the Streptococcus pneumoniae NADH oxidase that is required for
infection. Microbiology 147:431–438.

Editor: E. I. Tuomanen

VOL. 70, 2002 NOTES 1639

 on O
ctober 20, 2015 by U

niversity of Q
ueensland Library

http://iai.asm
.org/

D
ow

nloaded from
 

http://iai.asm.org/

