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Loss-of-function mutations in the following seven pneumococcal genes were detected and analyzed: pspA,
spxB, xba, licD2, lytA, nanA, and atpC. Factors associated with these mutations included (i) frameshifts caused
by reversible gain and loss of single bases within homopolymeric repeats as short as 6 bases, (ii) deletions
caused by recombinational events between nontandem direct repeats as short as 8 bases, and (iii) substitutions
of guanine residues caused at an increased frequency by the high levels of hydrogen peroxide (>2 mM)
typically generated by this species under aerobic growth conditions. The latter accounted for a frequency as
high as 2.8 X 10~ ¢ for spontaneous mutation to resistance to optochin and was 10- to 200-fold lower in the
absence of detectable levels of H,0,. Some of these mutations appear to have been selected for in vivo during
pneumococcal infection, perhaps as a consequence of immune pressure or oxidative stress.

Streptococcus pneumoniae (the pneumococcus) is an aero-
tolerant, catalase-deficient streptococcal species that resides
predominately on the surface of the human airway. This patho-
gen is characterized by an impressive degree of interstrain
diversity, as demonstrated by the ability of different isolates to
synthesize the 90 currently described types of capsular poly-
saccharide, its immunodominant antigen. In addition to this
interstrain diversity, it displays intrastrain variation in expres-
sion of many of the factors that contribute to host-bacterial
interaction, including surface proteins, teichoic acid, and the
production of high levels of hydrogen peroxide (35, 46). The
pneumococcus phase varies between two phenotypes, distin-
guished by differences in colony opacity, that allow the organ-
ism to either colonize the mucosal surface of the nasopharynx
or infect the bloodstream (23, 45, 47).

Recently, information on the complete genome sequences of
two unrelated strains of S. pneumoniae has become available
(19, 41). Comparison of the two complete pneumococcal ge-
nomes reveals a difference in size of 122,222 bp and 193 open
reading frames with an overall level of nucleotide sequence
similarity of <90%. These observations suggest that, as a spe-
cies, S. pneumoniae has a highly plastic and varied genome and
that its diversity may be important in its capacity to adapt to its
human host as well as to different host environments. How-
ever, it should be noted that variability tends to be concen-
trated in limited regions, with much of it in several gene clus-
ters encompassing only 160 kb of the genome (15). Factors that
may contribute to this genetic diversity include recombina-
tional events occurring both within and between strains, the
frequency and distribution of insertion sequences that make up
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about 5% of the genome, and the presence of large numbers of
unstable duplications (41, 43). Transformation events may be
especially relevant, because the pneumococcus is naturally
competent, and interstrain differences suggest that transforma-
tion-mediated horizontal gene transfer may be common. The
role of transformation events in the dissemination of antibiotic
resistance phenotypes between pneumococci as well as from
other oral streptococci to the pneumococcus, for instance, has
been extensively documented (3, 7, 8).

Another observation derived from whole genomic analysis is
the occurrence of large numbers of incomplete genes or gene
fragments, which are unlikely to have been generated solely by
transformation-mediated homologous recombinational events.
In the complete genome of strain R6, at least 60 genes or >2%
of the open reading frames with orthologous genes in other
species are partial or truncated (19). This is finding was unex-
pected considering S. pneumoniae’s relatively compact ge-
nome, which varies in size from 2.04 to 2.16 Mb in the com-
pletely sequenced strains (19, 41). It has been proposed that
one source of incomplete genes might be frameshift mutations
generated by slipped-strand mispairing within iterative DNA
motifs referred to as “microsatellites,” as has been demon-
strated in many other species that depend on phase variation as
a mechanism of adaptation (31, 41, 42). Eighteen percent of
the genes in the TIGR4 isolate were reported to contain short-
sequence DNA repeats, although in few instances did these
contain greater than nine tandem repeats (41). In other bac-
terial species, most of the previously characterized repetitive
DNA sequences that vary at a detectable frequency contain
considerably longer repeating units, although there are reports
of short iterative sequences as short as 7 repeats that are
subject to slippage (6, 16). There have been limited reports of
this type of mechanism in any gram-positive species, and to our
knowledge, there are no prior examples of phase variation
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TABLE 1. S. pneumoniae strains used in the study

Strain Genotype or phenotype Source or reference
P10 Type 9V Clinical isolate
P24 R6, nonautolytic 37
P43 Type 22, optochin sensitive Clinical isolate
P44 Type 22, optochin resistant Clinical isolate
P62 P10, expresses <0.02 mM H,0, 35
P303 Type 6A Clinical isolate
P324 Type 6B Clinical isolate
P763 P324, opaque variant, lacks This study
Xbal methylation

P765 P324, transparent variant, Xbal This study
methylation

P806 Opaque revertant of P765, lacks This study
Xbal methylation

P833 Type 23F clinical isolate, 26
truncated 22-kDa PspA

P878 D39spxB::TnphoA(erm), 35
expresses <0.02 mM H,O,

D39 Type 2 19

R6 D39, unencapsulated 19

WG44.1 PspA mutant transformant 28
derived from D39

TIGR4 Type 4 genome sequence strain 41

generated by changes in the length of iterative sequences in the
pneumococcus (25).

The purpose of this study was to characterize factors other
than transformation events that may contribute to the genetic
instability of the pneumococcus. Our results demonstrate that
spontaneous mutations occur at a high frequency and that
many of these events involve rearrangements of short tandem
or nontandem DNA repeats or oxidative damage caused
largely by endogenous hydrogen peroxide production.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The S. pneumoniae strains used in
this study are described in Table 1. S. pneumoniae was grown in tryptic soy broth
with or without 1.5% agar at 37°C. Unless otherwise noted, bacteria were grown
to mid-log phase (449 = 0.3) in 5-ml liquid cultures without shaking. When
specified, approximately 80 U of bovine catalase per ml (Worthington Biochem-
ical, Freehold, N.J.) was added to liquid cultures at the time of inoculation. This
amount of catalase was sufficient to reduce the concentration of H,O, below the
limit of detection. Anaerobic growth conditions were obtained with the BBL
GasPak System (Becton Dickinson, Cockeysville, Md.). Catalase (5,000 U) was
applied to the agar surface prior to plating and incubation in candle extinction
jars. Colony morphology was determined on transparent medium under magni-

TABLE 2. Sequences of the primers used in this study

Gene Primers”

SpXB......... F-CGGAATTCCTGACCAGTTCCCTTCTG
R-CGCGTCGACTTATTTAATTGCGCGTGATTG
PSPA ... F-AACTGAAGAGAAAGCAAAGC
R-CGTCTAACTCATCAATCTTATCAC
F-TTGTTTTATACCCAAATATGAATAGAGACGTAG
R-ATCACAATGAACGAAAATACTGCCAC
A ............ F-GCGCGGATCCATGGAAATTAATGTGAGTA
R-GGGAATTCTTATTTTACTGTAATCAAGCCATC
licD2.......... F-GATTATATGACCCTCCACC
R-GCTATGACTATACCACTCTTGC
atpC........... F-TCGAAAAGTGGATCAACAACTATCC
R-TGGGAAAGAAGAAGTAACAAACTCG

“F, forward; R, reverse.
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fication and oblique, transmitted illumination as previously described (47). Un-
less otherwise stated, chemicals and reagents were purchased from Sigma-Al-
drich Chemical Co. (St. Louis, Mo.).

Phenotypic analysis. Altered expression of PspA and SpxB in P833 and P62,
respectively, was described previously (26, 33). Truncation of LytA in the non-
autolytic strain P24 was confirmed with a polyclonal antiserum to LytA in West-
ern immunoblots. The effects of stationary-phase autolysis due to the expression
of LytA on the growth characteristics of R6 and P24 were compared as previously
described (37). Methylation of Xbal sites was assessed by the presence or ab-
sence of digestion of chromosomal DNA with Xbal (New England Biolabs,
Beverly, Mass.). Altered migration of the teichoic acid in WG44.1 was detected
in Western immunoblots with monoclonal antibody (MAb) TEPC-15 recognizing
the phosphorylcholine epitope as previously described (48). Differences in tei-
choic acid were confirmed by demonstrating reduced incorporation of [*H]cho-
line added to the growth medium in WG44.1 compared to its parent strain as
previously described (23). Additional confirmation of the altered teichoic acid in
‘WG44.1 was provided by mass spectroscopy.

Genotypic analysis. Pneumococcal chromosomal DNA for use as templates
for PCR was isolated as previously described (34). DNA for direct nucleotide
sequencing was generated by PCR with Taq polymerase (Promega, Madison,
Wis.) with the primers specified in Table 2 as previously described for the gene
encoding the ATPase c-subunit (afpC) (36). These were also used as primers for
nucleotide sequencing on gel-purified PCR products. All mutations were con-
firmed on both strands of PCR products and in PCR products generated in
independent experiments.

Optochin resistance. Resistance to ethylhydrocupreine (optochin) was deter-
mined by the addition of a concentration equal to twice the previously deter-
mined MIC for each strain to be tested. The concentration of optochin added to
the growth medium was 4 pg/ml unless otherwise specified. The rate of sponta-
neous optochin resistance was calculated by growth of a single optochin-sensitive
colony to the stationary phase and plating of 0.1 to 0.5 ml of culture under
selective conditions. Numbers of optochin-resistant colonies were compared to
colony counts in the absence of the antimicrobial compound. Mutation rates
represent the ratio of optochin-resistant to -sensitive colonies and are expressed
as ranges in at least three independent determinations in duplicate. When spec-
ified, following growth to an A4, of 0.4, 1.0 ml of cell culture was removed, and
hydrogen peroxide at the concentration specified was added from a 9.8 M stock
solution. The cells were incubated for an additional 60 min prior to plating as
described above.

Hydrogen peroxide measurement. Twenty microliters of a solution consisting
of 3 mg of 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) per ml and 0.2 mg
of horseradish peroxidase per ml in 0.1 M sodium phosphate buffer (pH 7.0) was
added to 180-pl aliquots of each supernatant to be tested (13). The reaction was
allowed to proceed for 20 min at room temperature, and then the A4, was
measured. Values were calculated by comparison to those of a standard curve
generated with known concentrations of H,O,.

Nucleotide sequence accession number. The nucleotide sequence accession
numbers of the genes examined in this study include AY072940 (pspA in P833),
AF467892-3 (spxB in P62 and P10, respectively), AF469000-1 (xba in P765 and
P806, respectively), AF467751 (licD2 in WG44.1), AF467249 (IytA in P24), and
AF467738-50 for mutations conferring optochin resistance in the apC gene.

RESULTS

Frameshifts within short-sequence DNA repeats. In the
course of our studies, we have observed translational frame-
shift mutations occurring because of spontaneous variation in
the length or number of homopolymeric repeats within three
pneumococcal genes (Table 3).

In Western blots, P833, isolated from the middle ear of a
child with otitis media, was noted to express a 22-kDa form of
pneumococcal surface protein A (PspA), a protein normally
migrating between 80 and 100 kDa (26). Comparison of the
nucleotide sequence from P833 to the most homologous pspA
sequence in current databases revealed a frameshift mutation
consisting of loss of a single residue within eight intragenic
tandem adenines. Loss of this base resulted in premature trun-
cation of the protein at amino acid 189. Since this was a
minimally passaged clinical isolate, it appeared likely that this
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TABLE 3. Spontaneous frameshift mutations involving homopolymeric repeats

Strain Gene Mutation” Position” Effect on gene expression

P833 PpspA A 10 Ay 538 Truncation of PspA (amino acid 189 of 655)

P62 spxB ©) 10 Ag) 460 Truncation of SpxB (amino acid 160 of 591)

P765 xba T to T, 959 Restored expression of Xbal methylase

P806 xba Ts) to Ty 959 Truncation of Xbal methylase (amino acid 335 of 361)

“ Refers to the numbers of bases in homopolymeric repeats at the position noted.

b Refers to the first base in the homopolymeric repeat relative to the first base in the initiation codon.

event may have occurred in vivo, possibly as a result of selec-
tive immune pressure to eliminate expression of the more
conserved C-terminal portion of this highly immunogenic sur-
face protein (17, 27).

P62 was isolated as a spontaneous mutant of a type 9V
clinical isolate displaying altered colony morphology during in
vitro passage. Analysis of whole-cell lysates of this mutant by
two-dimensional gel electrophoresis revealed loss of expres-
sion of a single protein, pyruvate oxidase (SpxB) (33). Nucle-
otide sequence analysis of spxB in P62 revealed a gain of a
single adenine residue in a series of six intragenic tandem
adenines when compared to its parent strain, P10. The gain of
this adenine resulted in premature termination after expres-
sion of only 160 of 591 amino acids in the full-length SpxB. The
truncated SpxB was no longer functional, because P62 did not
express detectable levels of hydrogen peroxide, a by-product of
the oxidative metabolism of pyruvate (35, 40). This mutant may
have been selected for during in vitro growth, since spxB mu-
tants grow more efficiently because of the absence of an inhib-
itory effect of endogenously generated H,O, on colonies. It
was not possible to identify spontaneous revertants of P62
expressing a full-length SpxB by screening colonies, most likely
because such revertants would have a competitive growth dis-
advantage in vitro.

Like many pneumococcal isolates, strain P324 phase varies
between opaque and transparent colony forms. Susceptibility
to digestion of genomic DNA by the restriction endonuclease
Xbal is associated with colony opacity in this strain (data not
shown). Comparison of the nucleotide sequence of the Xbal
methylase gene, xba, in phase variants of P324 revealed an
additional thymine residue within a repeat of seven thymine
residues in the transparent variant, resulting in a frameshift
and expression of the full-length gene product. Multiple, inde-
pendently derived transparent phase variants all contained the
same single-base-pair insertion (data not shown). A spontane-
ous transparent-to-opaque revertant, P806, was associated with
a loss of a thymine base at this site, resulting in a truncated
gene product. Only variants of this strain with the opaque
phenotype were susceptible to DNA cleavage by Xbal, because
of an out-of-frame number of homopolymeric repeats causing
expression of a truncated Xbal methylase (data not shown).
Insertional mutagenesis of xba in this strain, however, did not
affect colony morphology, suggesting that differential methyl-
ation of Xbal sites correlates with, but is not directly respon-
sible for, phase variation in colony opacity.

Together, our findings with P833, P62, and P324 confirmed
that homopolymeric repeats as short as 6 bases are unstable
genetic features in the pneumococcus, because of reversible
loss or gain of bases in these elements.

Mutations caused by short nontandem repetitive sequences.
Another example of a spontaneous mutation observed through
screening for altered colony morphology is P24, a minimally
autolytic mutant of strain R6. P24 expresses a major murein
hydrolase or autolysin (LytA) of 29 kDa rather than the ex-
pected 38.5 kDa as detected by Western analysis (data not
shown) (11). The genetic basis of the altered size of LytA in
P24 was a 189-bp deletion in the 3’ portion of lytA affecting the
region of LytA involved in anchoring to phosphorylcholine on
the cell wall teichoic acid (Fig. 1) (39). This deletion occurred
between the first two of four nontandem copies of a nanomer
(5'-ACAGGCTGG-3") found within the lytA coding region.
This recombinational in-frame deletion of 63 amino acids in
the deduced 318-residue protein sequence of the full-length
LytA results in a loss of murein hydrolase function, as deter-
mined by a lack of autolysis in mutant colonies.

A similar deletion is present in the nanA gene encoding one
of the pneumococcal neuraminidases in the TIGR4 strain used
for genomic analysis (2). When compared to other pneumo-
coccal nanA entries in the sequence databases, the 3’ coding
portion of the nanA of this strain contains a 180-bp in-frame
deletion occurring within two of four nontandem direct repeats
of an 8-bp sequence (5'-GCCAGAAT-3").

Therefore, the analysis of genes for two surface-anchored
proteins, lytA and nanA, suggested that nontandem repetitive
sequences as short as 8 bases were also examples of unstable
genetic features.

Analysis of other spontaneous mutations. The gene encod-
ing LicD2, a putative CDP-choline transferase, contains eight
tandem adenines at the 5’ end of the open reading frame and
appeared to be a candidate for frameshift mutations similar to
those described above. Mutants lacking a functional copy of
this gene are characterized by an altered teichoic acid contain-
ing decreased amounts of phosphorylcholine (48). Forty unre-
lated strains were screened by Western analysis with a MADb
against phosphorylcholine to look for teichoic acid units with
aberrant migration. Only a single strain, WG44.1, showed a
pattern suggestive of a /licD2 mutant phenotype. Comparison
of the nucleotide sequence of WG44.1 and its parent strain
showed that, rather than a frameshift within the homopoly-
meric repeat of adenines, there was a single G—A base pair
change causing a substitution of tryptophan for tyrosine (ami-
no acid 35 of 267).

Based on the large number of different genes in which mu-
tations were identified in this study, we sought to determine a
baseline frequency of spontaneous mutation in S. pneumoniae
grown in vitro. This was achieved by selecting for loss of sen-
sitivity to the antimicrobial agent optochin, to which the pneu-
mococcus is normally sensitive because of an H"-ATPase ac-
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LytA (318 aa)

ggcttgacgattgaaacaggctggcagaagaatgacactggetactggtacgtacattcagacgge
G L T I E T G W Q@ K N DT G Y W Y V H S D G
192

tcttatccaaaagacaagtttgagaaaatcaatggeacttggtactactttgacagttcaggetat
S Y P KD K F E K I NGTW Y Y F D S 8 6 Y
214

atgcttgcagaccgcetggaggaag ggcaactggtactggttcgacaactcaggegaa
M L A P R W R KXKH T D G NW Y WPF DN S G E
236

atggctacaggctggaagaaaatcgetgataagtggtactatttcaacgaagaaggtgecatgaag
M A T G W K K I A DKWY Y F NEE G A M K
258

NanA (1035 aa)

gctgttcatgaagtgccagaatacacaggeccattaggg tcecggegaagag gctecaaca
A V HE V P E ¥ T 6 P L 6 T S G E E P A P T
893

gtcgagaagccagaat g ctagggacatccgg g: tcgag
V E K P E ¥ T ¢ P L 6T S8 G EE P A P T V E
915

aagccagaatacacaggcccactagggacagetggtgaagaagcagetccaacagtcgagaageca
K P E Y T G P L G T A G E EA AP T V E K P
937

gaatttacagggggagttaatggtacagagccagetgttcatgaaatcgcagagtataagggatct
E F T G GV N G T E P AV HE I A E Y K G 8§
959

FIG. 1. Nucleotide sequence of the 3’ region of lyt4 and nanA. The
deduced amino acid sequence and position are shown below the se-
quence. For lyt4, a 189-bp region found in the nucleotide sequence of
R6, but not the nonautolytic mutant P24, and the corresponding amino
acid sequence are indicated in boldface. The positions of nontandem
direct nanomer repeats flanking the deletion in the R6 /yzA4 are shown
by underlining. For nanA, a 180-bp region found in the nucleotide
sequence of R6, but not TIGR4, and the corresponding amino acid
sequence are indicated in boldface. The positions of nontandem direct
octomer repeats, two of which flank the deletion in the R6 nanA, are
shown by underlining. The predicted length of the intact protein is
indicated in parentheses.

tivity conferred by a F/F, class ion transport ATPase (36). The
rate of loss of optochin susceptibility ranged from 0.24 to 1.8 X
10~ ° in strain D39 (Table 4). Similar high rates of spontaneous
mutation were found in other clinical isolates (range, 0.12 X
107° to 2.8 X 107°). Nucleotide sequencing of the a- and
c-subunits of the H*-ATPase genes in 12 spontaneous op-
tochin-resistant mutants from seven unrelated isolates showed
nine unique mutations. Some of these substitutions have pre-
viously been described (4, 10, 36). All nine mutations were due
to a single-base-pair change involving a guanine base (G—A >
G—T > G—C) resulting in single-amino-acid substitutions
within the c-subunit (atpC) (Fig. 2). This finding, together with
the mutation noted in /icD2, suggested that guanine residues
may be particularly subject to mutagenic changes in the pneu-
mococcus.

In the case of P43/44, both optochin-susceptible and -resis-
tant type 22 pneumococci were isolated from the same infected
specimen of pleural fluid. Since it is highly unlikely that there
was a simultaneous infection at the same site with two strains
of the same type, the G—A mutation in P44 is likely to have
occurred in vivo, generating a mixed population of optochin-
sensitive (P43) and -resistant (P44) phenotypes.

Effect of hydrogen peroxide on spontaneous mutation. Gua-
nine bases are particularly susceptible to oxidative damage by
conversion to 8-oxoguanine (GO), with subsequent base exci-
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TABLE 4. Factors affecting the rate of spontaneous mutation
conferring resistance to optochin

. .o Concn of NO' op tochin'
Strain Condition H,0, (mM)* re51st_apt/0pt0fh1n
sensitive (10~%)"

D39 Standard growth 2.3 24-180
P878(D39spxB)  Standard growth <0.025 <0.3-1.2
D39 + H,0, (5§ mM) ND¢ 100-190
D39 + Catalase <0.025 <0.3
D39 Anaerobic growth ND <03
P303 Standard growth 22 12-80
P303 + Catalase <0.025 <03
P10 Standard growth 2.7 57-280
P10 + Catalase <0.025 <03

“The concentration of hydrogen peroxide (H,O,) in the culture supernatant
was determined following growth to the stationary phase.

® Values represent the range of the mean rate of spontaneous resistance in
duplicate samples in at least three independent experiments.

¢ ND, not determined.

sion and substitution catalyzed by the enzymes making up the
GO system (30, 44). The pneumococcus lives in an oxygen-rich
environment on the airway surface. In addition, the pneumo-
coccus generates concentrations of hydrogen peroxide that
may exceed 2 mM when grown aerobically in liquid culture
without the addition of exogenous catalase (Table 4). The
possibility that endogenously generated H,O, contributes to
the high frequency of mutations involving guanine residues was
examined. In the presence of an exogenous source of catalase
or anaerobic growth, there was no detectable H,O, generated,
and there was a >10-fold decrease in the rate of spontaneous
optochin resistance in D39 and other clinical isolates (Table 4).
The inactivation of spxB in D39 (P878) eliminated detectable
H,O, in culture supernatants and was associated with a similar
decrease in mutation frequency during aerobic growth. Muta-
tions involving guanine bases and causing loss of optochin
sensitivity still occurred in P878, but at a much lower frequency
(<0.3 x 10®). However, unlike in the clinical isolates, not all
mutations in the atpC gene of P878 involved changes in gua-
nine. The mutations in atpC noted in the absence of high levels
of endogenous hydrogen peroxide could be due to other types
of oxidative stress, the minimal amounts of H,O, still pro-
duced in the absence of pyruvate oxidase, or random back-
ground rates of substitutions. To confirm the effect of hydro-
gen peroxide on the mutation rate, exogenous H,O, (0 to 5
mM) was added to D39, resulting in a dose-related increase in
the rate of spontaneous optochin resistance reaching a rate of
1.9 X 1072 in the presence of 5 mM added H,O, (Fig. 3).
Higher concentrations of exogenously added H,O, could not
be tested because of cell death. Furthermore, it was not pos-
sible to confirm the effect of exogenous hydrogen peroxide in
the absence of endogenous production by using the spxB mu-
tant, since loss of this gene results in increased sensitivity to
killing by H,O, (data not shown).

DISCUSSION

In this report, we demonstrate additional sources of genetic
instability in the pneumococcus that do not appear to involve
homologous recombination through genetic transformation.
Similar events may explain, at least in part, the large number of
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Nucleotide Position(#)

J. BACTERIOL.

Amino Acid Position(#)

Strain Op® 40 41 52 58 69 140 142 145 148 150 158 14 18 20 23 47 48 49 50 53
R6 -~ G 6 6 6 6 6 6 G T T G G G G M G V A F G
P43 - ... .. . e e e e e e
P44 + . . A . .. .. S
D39(1) + A . . e e e e .. ..
D39(2) + .. .T . .. S 2
D39(3) + ... . .. . c . e e e . A
D39(4) + e e e e A .. .
606a/R  + . <« . . . . . A . .. . S
654/R + . . . A . .. . . S . . . . ..
310 + ... T .. .. .. T .o .
P303(1) + . c . . ... . A . ... .o
P303(2) + ee e T . .. . . F . . .
P10(1) + . . . T . .. e .. F . . .
P10(2) + . ... . A . . coe . T . .
P878(1) + . SO < B .. . . . L

P878(2) + A . . ... S . . . . ...

P878(3) + . .. . A . .. e . T .
P878(4) + a .. . .. s . . e ..

P878(5) + e e e . G e e e e L .

FIG. 2. Characteristics of mutations in afpC. The 198-bp sequence of this gene was determined in clinical isolates or P878 (D39spxB mutant),
with spontaneous mutations conferring resistance to 4 pg of optochin per ml (Op®). Only those bases and corresponding amino acids that differ
from the optochin-sensitive (Op®) control strain R6 are shown. The positions of the affected base and corresponding predicted amino acid changes
are relative to the first nucleotide or amino acid in the gene or protein, respectively. Where indicated, multiple optochin-resistant mutants of the
same strain obtained from independent experiments were analyzed. P43 and P44 were both cultured from the same infected pleural fluid.

gene fragments found in complete genome sequences (19).
One source of genetic instability was the gain or loss of a single
base within short-sequence DNA repeats, presumably occur-
ring through slipped-strand mispairing (24). A notable feature
of this type of mutation, demonstrated in three separate
genes—pspA, spxB, and xba—is that it may occur in particu-
larly short iterative sequences with as few as 6 repeats. These

2805
%N
& 15805
i
=
=)
B
§ 1E-05
g
By
f=]
5
5B-06
e
=

1.25

[HpOp] mM

FIG. 3. Effect of exogenous hydrogen peroxide on the spontaneous
mutation rate. The frequency of spontaneous resistance to 4 pg of
optochin per ml expressed as a mutation rate (optochin resistant/
optochin sensitive [Op®/Op®]) in strain D39 in the absence (stippled
bars) or presence (solid bars) of catalase was calculated following
growth to the mid-log phase and treatment for 60 min with H,O,
added to the concentration indicated. Each value is the mean * stan-
dard deviation from a representative experiment performed in tripli-
cate for each condition.

are shorter than those reported to be subject to slippage in
other species, and this suggests that postreplicative DNA
proofreading may be relatively inefficient in the pneumococcus
(42). In each example described here, slippage occurred within
homopolymeric tracts of adenines or thymines and caused a
frameshift type of mutation. Since the pneumococcus has a
60.3% A+T content, repetitive sequences with six or more
adenine or thymine residues are common and widely distrib-
uted throughout the genome (19, 41). This observation sug-
gests that the many pneumococcal genes containing similar
short repeats have the potential to mutate in this manner as
previously proposed (41). It remains unclear whether phase
variation as detected by differences in colony opacity, which
affects many pneumococcal characteristics related to host-
pathogen interaction, may be due to this potentially reversible,
high-frequency type of mutation (46).

Our study was unable to address the precise frequency with
which these mutational events occur in short-sequence DNA
repeats. The fact that similar mutations could be identified in
three separate genes, however, suggests that these events are
not rare. The mutations described in this report may have been
selected for because of a growth advantage in the loss-of-
function phenotype or were associated with other forms of
variation. The rate of these mutations, therefore, is difficult to
accurately determine, since it may depend on growth condi-
tions or other factors that are difficult to control experimen-
tally. An additional consideration is that slipped-strand mis-
pairing in DNA microsatellites may not always be a stochastic
occurrence, as has been proposed (31). In Escherichia coli,
hydrogen peroxide has been shown to increase the frequency
of expansions and deletions within microsatellites (21, 22).
Likewise, the high levels of H,O, produced as a by-product of
oxidative metabolism could be a factor promoting the instabil-
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ity of short-sequence DNA repeats in the pneumococcus. In
the case of P62, which contains a frameshift in spxB, the di-
minished hydrogen peroxide generated by this mutant may
have decreased the reversion frequency to below the level of
detection possible by screening. It has also been proposed that
the hydrogen peroxide generated by the host may contribute to
slippage in short-sequence DNA repeats (22). In this regard,
the oxidative stress that accompanies inflammation may have
promoted the deletion of one of eight tandem adenine bases in
pspA of P833 isolated from a case of otitis media (26).

A second type of mutation noted during growth of the pneu-
mococcus in vitro also involves repetitive DNA sequences,
although in this instance, these were not tandem repeats.
These in-frame deletion mutations appeared to involve recom-
bination between identical copies of short sequences. In both
examples shown, these were in genes encoding pneumococcal
surface proteins. In gram-positive bacteria, genes encoding
surface proteins commonly contain highly iterative domains
and often vary in length because of homologous recombination
within these elements (18). However, in the case of lyz4 in P24
and nanA in TIGR4 shown here, these recombinational events
appear to have occurred between short (8 to 9 bases) nontan-
dem repeats. The recent report of spontaneous duplications in
the pneumococcal genome induced under certain growth con-
ditions suggests that similar events, like those involving tandem
repeats, may be reversible (43).

It was possible to show an association between the presence
of physiologic levels of hydrogen peroxide and the overall
frequency of mutations in the pneumococcus. This report dif-
fers from earlier studies in that the pneumococcus routinely
exists in culture in >1,000-fold-higher concentrations of hy-
drogen peroxide, compared to organisms such as E. coli, where
its mutagenic effect has been examined in detail (14, 20).
Rather than slippage in short-sequence DNA repeats, oxida-
tive damage due to H,O, and leading to spontaneous resis-
tance to optochin was shown to involve transition more than
transversion mutations exclusively affecting guanine bases.
These accounted for a rate of mutation 10- to 200-fold greater
than that measured under conditions in which there was no
detectable H,O,. However, this does not imply that hydrogen
peroxide does not contribute to the gain and loss of bases in
repetitive sequences, since this was not a prominent feature of
the gene used in this study to assess the frequency of sponta-
neous mutations.

The findings in this report confirm that hydrogen peroxide
produced in especially high concentrations by the pneumococ-
cus compared to those produced by other bacterial species
contributes to its genetic instability (35). The types of muta-
tions observed at an increased rate in the presence of endog-
enously generated hydrogen peroxide were typical of the type
and frequency of substitutions previously associated with
H,O,-mediated oxidative stress (in decreasing order of occur-
rence, G—=A > G—T > G—C) (44). Guanine residues, par-
ticularly those in motifs containing more than one guanine,
have previously been shown to be hot spots for mutations
caused by oxidative stress, both through direct transfer of elec-
trons to guanine from radicals and through intrastrand transfer
of electrons that originate at other bases (32). In this regard,
six out of the nine guanine residues that were mutated in atpC
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of wild-type isolates were in motifs containing tandem guanine
residues.

Under growth conditions that are tolerated without difficulty
by other bacterial species, the pneumococcal DNA repair
mechanisms that should correct these mutations appear to be
overwhelmed. This observation provides additional evidence
that DNA repair mechanisms may be relatively insufficient for
aerobic growth, leading to a high rate of mutation. The pneu-
mococcus has a well-studied mismatch repair system (Hex),
which corrects many of the mismatches that result from DNA
recombination, although its role, if any, in the repair of oxida-
tive damage to DNA has not been explored (12). The pneu-
mococcus also contains homologs to all three enzymes de-
scribed in the E. coli GO repair system (29). However, one of
these enzymes, mutY, an N-glycosylase endonuclease that func-
tions in the removal of adenine bases incorporated opposite
8-0x0-G, lacks a highly conserved cysteine region that coordi-
nates a [4Fe-4S]*" cluster loop (38). It has been proposed that
the lack of this feature is detrimental to repair of A/G mis-
matches and that such a handicap may be at least partly re-
sponsible for the predominance of A-T bases in the pneumo-
coccal chromosome (38). This hypothesis is further supported
by our data, which suggest that oxidative stress experienced by
the pneumococcus on the surface of the airway would produce
a relatively high frequency of A/G mismatches. An example of
a mutation likely to have occurred during natural infection and
similar to those promoted by endogenously generated hydro-
gen peroxide during growth in vitro was presented. The muta-
tion identified in P44 suggests that the observations in this
report based on growth in vitro may also be relevant for events
occurring during replication within the host. The frequency of
mutations targeting guanines as a result of oxidative stress in
natural colonization or infection is unknown. However, a re-
cent report describes four instances in which treatment of
peumonococcal pneumonia with the antibiotic levofloxacin
failed due to mutations in both parC and gyrA4 (5). The majority
of these mutations involved substitution of guanine to adenine,
indicative of the mutations caused by oxidative stress described
in this report.

Genomic analysis confirms that the pneumococcus lacks
many of the key systems, such as catalase and OxyR, employed
by other bacteria to deal with oxidative stress, including the
effects of hydrogen peroxide, and thereby prevent DNA dam-
age. In this regard, competence for genetic transformation may
be an important characteristic for the pneumococcus as a
mechanism for repairing frequent mutations caused in large
part by its own aerobic metabolism (1). In fact, competence is
downregulated under anaerobic conditions when H,O, would
not be generated and the rate of spontaneous mutation is
reduced (9). Investigations involving the pneumococcus need
to take into consideration these high rates of spontaneous
mutation and the effect of different growth conditions on the
rate of these events. Of particular concern are studies such
as those comparing genetically defined strains in models of
pneumococcal pathogenesis, in which there may be a selective
pressure promoting the growth of unexpected and undesired
mutants arising because of the genetic instability of S. pneu-
moniae.
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