Streptococcus pneumoniae Contains 3 rlrA Pilus
Variants That Are Clonally Related
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Background. Pilus components of Streptococcus pneumoniae encoded by rlrA were recently shown to elicit pro-
tection in an animal model of infection. Limited data are available on the prevalence of the rlrA operon in pneumo-
cocci; therefore, we investigated its distribution and its antigenic variation among disease-causing strains.

Methods. The prevalence of rlrA and its association with serotype and genotype were evaluated in a global panel
of 424 pneumococci isolates (including the 26 drug-resistant clones described by the Pneumococcal Molecular Epi-
demiology Network).

Results.  The rirA islet was found in 130 isolates (30.6%) of the defined collection. Sequence alignment of 15 rlrA islets
defined the presence of 3 clade types, with an overall homology of 88%—-92%. The presence or absence of a pilus-encoding
operon correlated with S. prneumoniae genotype (P < .001), as determined by multilocus sequence typing, and not with
serotype. Further investigation identified a positive trend of rlrA occurrence among antimicrobial-resistant pneumo-

coccl.

Conclusions. On the basis of S. pneumoniae genotype, it is possible to predict the incidence of the rlrA pilus
operon in a collection of pneumococcal isolates. This will facilitate the development of a protein vaccine.

Streptococcus pneumoniae is a commensal pathogen and
often part of the normal flora of the human respiratory
tract. The most common pneumococcal infections are
otitis media and pneumonia, although S. pneumoniae
may less frequently cause invasive diseases such as men-
ingitis and sepsis [1]. Prophylactic vaccination with cap-
sular polysaccharide-based vaccines and antibiotic ther-
apy are 2 effective approaches that decrease the risk of
disease. However, selective pressures are affecting S.
pneumoniae population dynamics. In this respect, the
treatment and prevention of pneumococcal infections
has been complicated by the spread of clones that have
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increase in the incidence of isolates resistant to antibiotics
[2-5], and, following the introduction of the PCV7 glyco-
conjugate vaccine (Prevnar), the spread of nonvaccine se-
rotypes (NVT) [6, 7]. This evidence provides the impetus
to develop vaccines based on protein antigens, which are
capable of serotype-independent protection [8, 9].
Recently, in a mouse model of infection, S. pneu-
moniae was shown to express a pilus that has subunits
able to elicit protection both by active and passive im-
munization [10-12]. These structures are encoded by a
chromosomal element defined as the rlrA pathogenicity
islet [13]. The function of pneumococcal pili is currently
an area of investigation. To date, pili are known to be
involved in adhesion to lung epithelial cells in vitro, as
well as in colonization in a murine model of infection
[10, 14]. Sequence analysis of available S. pneumoniae
genomes revealed that the serotype 6B strain 670 con-
tains a region of DNA that shares 89% sequence identity
with the rlrA islet from TIGR4. However, the locus is
absent in strains R6 (a nonencapsulated strain derived
from serotype 2 D39), G54 (serotype 19F), and Spain-
23F-1 (serotype 23F), suggesting that the r/rA islet is not

widespread in pneumococcal isolates.
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Table 1. Sources and composition of the strain collection.

Isolates,
Source Country no. Invasive disease or carriage Reference
PMEN Various 26 ID [15]
CDC USA 53 ID [16]
Oswaldo Cruz Foundation Brazil 74 ID (32 isolates)/C (42 isolates)
Imperial College USA 15 C
Imperial College Finland 11 ID (9 isolates)/OM (2 isolates)
ISS Italy 40 ID (37 isolates)/C (3 isolates) o
Swiss Tropical Institute Ghana 15 ID [17]
Dhaka Shishu Hospital Bangladesh 14 ID
Kenyan Medical Research Center Kenya 12 ID
Karolinska Institute Sweden 76 ID
Novartis Various 11 ID o
University of Glasgow? Scotland 74 ID [18]
Sanger Institute (http://www.sanger.ac.uk)  Various 3 ID

NOTE. C, carriage; CDC, Centers for Disease Control and Prevention; ID, invasive disease; ISS, Istituto Superiore di Sanita; OM, otitis

media; PMEN, Pneumococcal Molecular Epidemiology Network.

@ Results for these strains are derived from previously published work.

Therefore, we investigated the distribution and sequence vari-
ability of the rlrA islet among 424 S. prneumoniae clinical isolates
(26 of these were derived from the Pneumococcal Molecular Epi-
demiology Network [PMEN] multidrug-resistant collection) [15].
We evaluated isolates from distinct geographic regions, which were
selected for epidemiological and genetic diversity. The isolates were
analyzed for the presence and sequence variability of the rlrA islet, as
well as serotype and genetic background as defined by multilocus
sequence typing (MLST). Here we show that rlrA-positive pneumo-
cocci are found worldwide, and that the operon, defined by 3 vari-
ants, is strictly correlated with the genotype of S. preumoniae, rather
than the serotype. These findings, along with previous data showing
that pili are protective against pneumococcal infection [11], suggest
that they may be useful components for a vaccine.

MATERIALS AND METHODS

Strain collection. A total of 424 isolates collected worldwide
were analyzed for the presence of rlrA (table 1). This collection
consisted of 26 clones from the PMEN collection [15]; 53 inva-
sive pneumococcal isolates from the Centers for Disease Control
and Prevention in the United States [16]; 74 clinical isolates
from Salvador, Brazil (42 isolates recovered from carriers and 32
from patients with meningitis, respectively); 26 clinical isolates
from the Unites States and Finland (15 recovered from carriers,
2 from patients with otitis media, and 9 from patients with in-
vasive diseases); 15 invasive clinical isolates from Ghana [17]; 14
invasive clinical isolates from Bangladesh; 40 clinical isolates
from Italy; 12 invasive clinical isolates from Kenya; 76 clinical
isolates from Sweden; and 11 laboratory strains from the Novar-
tis collection. Additionally, data about rlrA presence have been

extrapolated for 74 isolates from a previously published report
[18] and for 3 isolates from sequence data available at the Sanger
Institute Web site (http://www.sanger.ac.uk).

rlrA islet detection and sequencing. TIGR4 [19] and 670
(genomic sequence available at http://www.TIGR.org) rlrA nucleo-
tide sequences were analyzed, and a set of 30 oligonucleotide prim-
ers was designed (table 2): 22 matching inside the islet, 2 annealing
in 2 conserved genes (SP459-SP470 of TIGR4) flanking the operon,
and 6 clade-specific primers. The set of primers was defined to de-
tect the presence and location of the operon within all the isolates in
the collection, to amplify and sequence the entire locus, and, for
rlrA-positive strains, to determine the clade type (I, II, or III). In
brief, the genomic location of the operon was determined by simul-
taneously assessing 4 polymerase chain reaction (PCR) amplifica-
tions: the first using primers (459 for, 470 rev) matching regions
flanking the operon (when rlrA was absent, a lower fragment size
was detectable); the second with 459 for and 1 rev, matching inside
theislet (the fragment was detectable only when the islet was present
and inserted in the genomic region between SP459-SP470); the
third and fourth amplifying in conserved regions of the operon
(amplification detected whenever the islet was present in the ge-
nome) (table 2).

Multilocus sequence typing (MLST). MLST was performed
as previously described [20]. In brief, internal fragments of the
aroE, gdh, gki, recP, spi, xpt, and ddl genes were amplified by PCR
directly from the bacteria by use of the primer pairs indicated at
http://spneumoniae.mlst.net/misc/info.asp#experimental. = Se-
quences were obtained on both DNA strands by use of an ABI
3730x]l DNA Analyzer. Alleles from the MLST Web site (http://
spneumoniae.mlst.net) were downloaded for alignment analy-
ses and sequence type (ST) determination. In MLST, an ST is
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Table 2. Nucleotide sequences of the primers used in this study.

Forward Reverse

primer Sequence (5'—3') primer Sequence (5'=3') Purpose

459 for AACTGAATTGACACAACGTGTCTT 470 rev GCCACACAAGATGTTGATGCTTTT rlrA detection

459 for AACTGAATTGACACAACGTGTCTT PO1 rev AGCGACAAGCCACTGTATCATATT rlrA detection

P01 for ACTTTCTAATGAGTTGTTTAGGCG PO1 rev AGCGACAAGCCACTGTATCATATT  rlrA sequencing

P02 for CTGGTCGATAACTCCTTCAATCTT P02 rev GTACGACAAAAGTGTGGCTTGTT rirA sequencing and rlrA detection
P03 for GAATGCGATATTCAGGACCAACTA PO3 rev ATCTCACTGAGTTAATCCGTTCAC rlrA sequencing

P04 for TGTATACAAGTGTGTCATTGCCAG P04 rev CATCTTCACCTGTTCTCACATTTT rirA sequencing

PO5 for GCGGTCTTTAGTCTTCAAAAACA PO5 rev CAAGAGAAAAACACAGAGCCATAA  rlrA sequencing

P06 for TTGCTTAAGTAAGAGAGAAAGGAGC P06 rev CAGGAGTATAGTGTCCGCTTTCTT rirA sequencing

P07 for GGCAATGTTGACTTTATGAAGGTG P07 rev TATCAGCATCCCTTTATCTTCAAAC  rlrA sequencing

P08 for TGAGATTTTCTCGTTTCTCTTAGC P08 rev AATAGACGATGGGTATTGATCATGT  rlrA sequencing and rlrA detection
P09 for CCGACGAACTTTGATGATTTATTG P09 rev ACCAACAGACGATGACTGTTAATC  rlrA sequencing

P10 for AATGACTTTGAGCCTGTCTTGAT P10 rev TTCTACAATTTCCTGGCCATTATC rirA sequencing

P11 for GCCATTTGGATCAGCTAAAAGTT P11 rev TTTTTCAACCCACTACAGTTGACA rlrA sequencing

Clade | for ~ AACAGATGGGGATATGGATAAAATTG Clade I rev  AATGGTAATTCAATTTCAATTGGA clade type determination

Clade Il for ~ AATCCATAAGTTACTGCTCTCAGA Clade Il rev.  ATCCATAGCTACATTATTCAAAGT clade type determination

Clade Il for  GACAGATCAAGAGCTTGACGCTTG Clade lll rev.  CTGGATCTACGAAACCTGCTGCAG  clade type determination

uniquely determined by the allelic profile. New allelic profiles
have been submitted to the MLST database for ST assignment.

Clonal complex (CC). CCs are groups of STs that share a
recent common ancestor. The eBURST algorithm defines clonal
complexes by partitioning the MLST data set into groups of
single-locus variants (SLVs), i.e., profiles that differ at 1 of the 7
MLST loci [21]. This partitioning associates each ST with a
clonal complex and identifies the most likely founder ST, which
is defined as being the ST with the greatest number of SLVs
within the CC. To explore the relationship between rlrA pres-
ence in our data setand CC, we ran eBURST with default settings
on the entire MLST database and subsequently assigned each ST
in our data set to a CC. In this work, we have named CCs in
accordance with the ST number of the founder predicted by
eBURST.

Statistical analysis. All statistical analyses of association
were performed using R (version 2.4.0; CRAN) and the ved
package (version 1.0-3; CRAN) for the analysis of categorical
data. Pearson y? P values and Cramer V coefficients were re-
ported to test the null hypothesis of independence and to mea-
sure the strength of the observed correlations [22].

Gene prediction and multiple alignment. 'The 7 TIGR4 rlrA
islet gene sequences were used to perform Smith-Waterman
searches against the 13 rlrA sequences of rirA-positive PMEN clones
to find the genes in each locus. Multiple alignments of the homol-
ogous genes were obtained by translating the predicted nucleotide
sequences into peptides, aligning, and then back-translating to the
original nucleotide sequences with T-Coffee (version 4.70) [23].
The rlrA multiple alignment was reconstructed by concatenating
the 7 aligned genes with the corresponding intergenic regions. Phy-
logenetic trees were reconstructed from nucleotidic multiple align-
ment by use of MEGA (version 3.1) [24], by use of unweighted pair

group method with arithmetic mean and K2P distance correction.
Multiple alignments were used with MEGA (version 3.1) [24] to
measure the nucleotide and amino acid identity within and between
clades I, II, and II1.

RESULTS

Prevalence of the rlrA operon in S. pneumoniae. To define
the rlrA islet distribution, a panel of 424 isolates was analyzed.
The collection was obtained by sampling clinical isolates world-
wide; it includes 70 serotypes and 200 different STs, which can be
grouped into 76 CCs [20]. rlrA islet presence was determined by
PCR and confirmed (for the 26 PMEN clones) by Southern blot
analysis with a conserved fragment of the srB gene (data not
shown). Out of the entire collection, 130 (30.6%) of the S. pneu-
moniae isolates were rlrA positive and showed the pilus operon
consistently inserted in the same genomic region.

Association of the rlrA islet with serotype. To identify
common features among rlrA-positive isolates, we investigated
its association with capsular serotype. Figure 1A represents a
histogram of isolates stratified by serotype [25]; the dark area
corresponds to the fraction of rlrA-positive isolates. Of the most
common serotypes (1, 3,4, 5, 6B, 7F, 9V, 14, 18C, 19A, 19F, and
23F, which accounted for 257 (60.6%) of all pneumococcal iso-
lates), serotypes 1, 3, 5, 7F, and 18C were not associated with the
presence of the rlrA operon. However, with the exception of
Serotype 9V, most rlrA-positive serotypes included variable frac-
tions of rlrA-negative strains. Therefore, although there was an
association between the capsular serotype and the presence of
the islet, the strength of this association was minimal (Cramer
V =0.68).
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Figure 1. Distribution of rirA-positive Streptococcus pneumoniae by serotype (A) and by clonal complex (CC) (B). Histograms show the relative frequency
of rlrA-positive (black) and rirA-negative (gray) isolates in the collection, stratified by serotype or CC. In panel A, the column “others” contains serotypes
represented in our collection by a single isolate; in panel B, “others” clusters together CCs represented by a single isolate and isolates (singletons) that could not be
assigned to a CC. Asterisks, CCs for which 1 sequence type was tested. Total number of isolates, N = 424. C, eBURST graphic representation of CC 176,
obtained by eBURST analysis on entire MLST S. pneumoniae database. Sequence types analyzed for rirA presence are represented by larger font.

Association of the rlrA islet with genotype. The genetic
structure of the S. pneumoniae collection was determined by
MLST [26]. As described above, each isolate was assigned to a
CC after ST determination. Figure 1B shows a histogram repre-

senting the number of isolates analyzed for each CC and illus-
trates the fraction of rlrA-positive and rlrA-negative S. pneu-
moniae isolates. Among the CCs most represented in this study
(figure 1B), at least 10 different ST's were analyzed for the pres-
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Table 3. Presence of the rirA islet in the Pneumococcal Molecular Epidemiology Network collection.

Clone Country of MLST Clonal Accession
number Strain origin Serotype type complex  rirAislet  Clade Number
1 Spain 23F-1 Spain 23F 81 CCs81 = . o

2 Spain 6B-2 Spain 6B 90 CC90 + Il EF560636
g Spain 9V-3 France e\ 156 CC156 4 | EF560637
4 Tennessee 23F-4 USA 23F 37 CC439 -

B Spain 14-5 Spain 14 18 CC15 = . .

6 Hungary 19A-6 Hungary 19A 268 CC176 + Il EF560625
7 South Africa 19A-7 South Africa 19A 75 S =

8 South Africa 6B-8 South Africa 6B 185 CC185 -

9 England 14-9 England 14 9 CC15 = . .

10 CSR 14-10 Slovakia 14 20 CC15 - - -

11 CSRA 19A-11 Slovakia 19A 175 S = o

12 Finland 6B-12 Finland 6B 270 CC90 + Il EF560632
113 South Africa 19A-13  South Africa 19A 41 CCa1 = o o

14 Taiwan 19F-14 Taiwan 19F 236 CC271 + | EF560627
115 Taiwan 23F-15 Taiwan 23F 242 CC242 4 [ EF560629
16 Poland 23F-16 Poland 23F 173 CC176 + Il EF560628
17 Maryland 6B-17 USA 6B 384 CC90 4 Il EF560634
18 Tennessee 14-18 USA 14 67 CC66 -

19 Colombia 5-19 Colombia 5 289 CC289 = o o

20 Poland 6B-20 Poland 6B 315 CC315 + 1l EF560635
21 Portugal 19F-21 Portugal 19F 177 CC177 4 11 EF560626
22 Greece 6B-22 Greece 6B 273 CC146 + I EF560633
23 N. Carolina 6A-23 USA 6A 376 CC2090 4 Il EF560631
24 Utah 35B-24 USA 35B 377 CC5h58 + 1l EF560630
25 Sweden 15A-25 Sweden 15A 63 CC63 =

26 Colombia 23F-26 Colombia 23F 338 CC176 -

NOTE. MLST, multilocus sequence typing; S, singleton.

ence of rlrA . Almost all the ST's analyzed were homogeneous for
rlrA presence, with a few exceptions. In brief, of 18 ST156
(CC162) and 7 ST205 (CC205) isolates analyzed, 1 and 2 iso-
lates, respectively, were negative for the rirA islet. Figure 1B
clearly shows that CCs are composed of either rlrA-positive or
rlrA-negative isolates, which indicates that its presence is depen-
dent on the genetic background P < .001; Cramer V = 0.96).
CC176 represents an exception to the scenario described above
(figure 1C). Eight distinct STs were tested (comprising 16 iso-
lates): 5 were rlrA positive and 3 were rlrA negative. By mapping
the STs analyzed onto a predictive eBURST diagram (which dis-
plays hypothetical patterns of descent), we observed that rlrA-
positive and rlrA-negative ST's were grouped into 2 defined areas
of the CC.

rlrA pilus islet sequence variability. In the TIGR4 strain,
pili are encoded within the rlrA islet, a 12 kb genomic region
flanked by a pair of IS1167 elements, a feature characteristic of
mobile genetic elements [13, 27]. The islet consists of 7 genes,
namely, rlrA, which encodes a RofA-like transcriptional regula-
tor, rrgA, rrgB and rrgC, which encode LPXTG cell-wall an-
chored proteins that constitute the structure of the pilus, and

srtB, srtC and srtD, which encode for the 3 sortase enzymes that
catalyze the pilus polymerization reaction [10, 12, 28].

The well-characterized PMEN collection was used as a refer-
ence collection for initial assessment of the variability of the rlrA
islet in a global panel of pneumococcal isolates [15]. By PCR, the
rlrA islet was found to be presentin 13 (50%) of 26 PMEN clones
(table 3). Sequencing of the full-length locus was carried out for
the 13 PMEN strains (GenBank accession numbers EF560625—
EF560637) and an additional 18 isolates from the collection
(data not shown). Multiple alignment of entire nucleotide se-
quences revealed the presence of 3 main families, herein referred to
as clades I, I, and III (figure 2).

rlrA sequences within each clade shared at least 98.8% DNA se-
quence identity, whereas sequences belonging to different clades
shared from 88.1% to 92.1% identity (clades I and III being the
most similar) (table 4). Data on protein sequence similarity be-
tween clades highlights the fact that the transcriptional regulator
RlrA was the most conserved (100%), followed by the 3 sortases and
the RrgC pilus subunit (98%—-99%). Conversely, the RrgA (84%—
98%) and RrgB (49%-67%) pilus components are the least con-
served, with RrgB existing in 3 different variants, corresponding to
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Figure 2. Genetic variability among rirA islets in Streptococcus pneumoniae isolates. Distance-based tree obtained from the multiple sequence
alignment of 15 rlrA islets (TIGR4, 6B 670, 13 rirA-positive Pnemococcal Molecular Epidemiology Network clones).

the 3 clades of the rlrA operon (table 4). A set of clade-specific prim-
ers designed from the most variable regions of r1¢B (table 1B) al-
lowed the determination of rlrA clade type by PCR. Of the 130 rlrA-
positive isolates, 81 (62.2%) were defined as clade I; 35 (26.8%),
clade IT; and 14 (10.7%), clade III. Furthermore, all strains belong-
ing to the same CC were homogeneous for rlrA clade type.

Table 4. Sequence variability of the rirA operon.

Similarity between
clades, % = SE

rirA islet 88.1=0.3 92.1+0.3 90.3*+0.3
Gene product, annotation
RIrA, transcriptional
regulator 100 £0 100 £0 100 £0
SrtB, sortase B 98.1 £0.6 98.0 £ 0.6 99.2 £0.3
SrtC, sortase C 954+09 969*+06 9491
SrtD, sortase D 93.8 % 1.1 97704 947 +09
RrgA, pilus subunit 842 +12 989+0.3 840=+13
RrgB, pilus subunit 493*19 539+ 1.8 67318
RrgC, pilus subunit 983 *=0.5 99.1 0.3 978+ 0.6

NOTE. Nucleotide homology of the entire rlrA locus and amino acid se-

Sequence analysis of IS1167 target site duplications. The
genomic region flanking the operon was analyzed both in rlrA-
positive and rlrA-negative isolates. The objective was to investi-
gate whether the presence of the rlrA islet was the result of a single
insertion event, which may have evolved into 3 separate clades, or
whether different clones acquired the islet independently.

In TIGR4, the rirA islet is flanked by 2 IS1167 mobile genetic
elements characteristic of S. pneumoniae. These 2 elements,
IS1167-1 (SP0460) and IS1167-2 (SP0469), share 61% identity at
the nucleotide level. IS1167 has been shown to be stable during
laboratory passage and to exhibit a high degree of variability
[29]. Moreover, IS1167 sequences are characterized by the pres-
ence of imperfect terminal inverted repeats (which are responsible
for homologous recombination) and are bracketed by 8-bp direct
repeats, generated by the duplication of the IS1167 target sequence.

Sequence analysis of this region in 30 isolates revealed the
absence of target site duplication on the outer extremities of the
operon (including IS elements), as well as on either side of the
single IS elements. The lack of direct repeats suggests that the
region was not actively inserted by these IS elements as a com-
posite transposon, but could have been acquired by homologous
recombination. To date, 2 different insertion sites have been

guence homology of the rirAislet gene products among 15 sequenced strains
(TIGR4, 6B 670, 13 pilus-positive Pneumococcal Molecular Epidemiology Net-
work clones) in the 3 clades identified by multiple sequence alignment and
phylogenetic reconstruction. SE computed by 500 bootstraps with MEGA 3.1.

found for the IS1167-1 element (these sites are clade-type inde-
pendent, but CC related). No differences were found for
IS1167-2 insertion sites in rlrA-positive isolates.
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Figure 3. Schematic representation of the genomic region in rirA-
negative Streptococcus pneumoniae isolates (A—C) and in rlrA-positive iso-
lates (D). A, genomic background (R6-like); B, genetic arrangement derived
from /S7767 insertion on an R6 genomic background; C, genetic arrangement
potentially derived from loss of rirA. White triangles, direct repeats formed by
target site duplication. Gray boxes, open reading frame coding for a hypo-
thetical protein; white boxes, open reading frames flanking the region.

Sequence analysis of rlrA-negative S. pneumoniae. rlrA-
negative pneumococci revealed 3 genetically distinct arrangements
(figure 3): (1) a region of ~800 bp that codes for a hypothetical
protein is present (as seen in R6 and in a majority of rlrA-negative
strains), (2) an IS1167-2 bracketed by 8-bp direct repeats is inserted
in the genomic context described in the first scenario, and (3) the
pilus operon is absent and both IS1167-1 and IS1167-2 are present.
The latter situation, found in an ST156 isolate and in 2 ST205 iso-
lates mentioned previously, could represent an event of rlrA islet
loss, whereas the second scenario, described in 20 clonally related
strains, supports the idea that this locus represents a hot spot region
for the insertion of IS1167 family members.

Antimicrobial-resistant clones are more likely to carry the
pilusislet. Given the high prevalence of rlrA-positive strains in
the antibiotic-resistant PMEN collection (50%), the relationship
between antimicrobial resistance and rlrA presence was assessed
further. In this analysis, we used the complete S. pneumoniae
database downloaded from the MLST web site (http://www.ml-
st.net) instead of our collection, because antimicrobial resistance
data was incomplete for our collection. All pneumococci for
which minimum inhibitory concentration (MIC) values were
available were classified as susceptible (S) or nonsusceptible
(NS) to 3 major antibiotic compounds: penicillin, erythromy-
cin, and tetracycline [30]. STs were subsequently classified as NS
if they were composed of at least 50% NS isolates. STs not ful-
filling this requirement were classified as S. In most cases, a single
ST was composed of either S or NS strains (Cramer V correlation
coefficients between ST and antibiotic resistance were 0.94, 0.78,
and 0.77 for penicillin, erythromycin and tetracycline, respec-
tively). In contrast to the distribution of the rlrA islet, several
CCs were heterogeneous for resistance (the Cramer V correla-
tion coefficients between CC and resistance were 0.81, 0.73, and
0.67 for penicillin, erythromycin and tetracycline, respectively).

The presence of the rlrA islet was then projected onto the
MLST data set (figure 4), by classifying as rlrA positive those ST's

in our collection that were composed of at least 50% rlrA-
positive isolates. The percentage of rlrA-positive STs among
strains susceptible to penicillin, erythromycin, or tetracycline
was 21%, 23%, and 32%, respectively, whereas the percentage of
rlrA-positive STs among clones not susceptible to penicillin,
erythromycin, or tetracycline was 51%, 53%, and 41%, respec-
tively. The Pearson x? statistic showed that for penicillin and
erythromycin, the presence of the rlrA islet was significantly as-
sociated with resistance (P < .001 and P < .001, respectively).
A less significant association was found for tetracycline
(P < .37), probably due to the lower number of strains for
which MIC data were available.

DISCUSSION

The polysaccharide conjugate vaccine for S. pneumoniae has de-
creased the incidence of invasive disease caused by vaccine types,
although the increased incidence disease due to nonvaccine se-
rotypes makes difficult the estimate of polysaccharide conjugate
vaccine coverage [6, 7]. Moreover, the epidemiology of the
pneumococci is complicated by the diversity of circulating ge-
notypes often disguised by multiple capsular types. The intro-
duction of a protein-based vaccine could overcome limitations
due to serotype replacement and serotype-dependent coverage.
A tool to rapidly estimate the distribution and variability of pro-
tein antigens in S. pneumoniae could facilitate vaccine develop-
ment.

In this study, a collection of isolates that represented both the
capsular and genetic diversity of S. pneumoniae was used to de-
termine the prevalence and antigenic variability of the rlrA pilus.
In this article, we report 3 major findings. First, we demonstrate
that the rlrA operon previously identified in laboratory strains is
found in multiple isolates from diverse parts of the world. In fact,
30% of isolates in our pneumococcal collection contained this
genetic islet, confirming a recent report about strains isolated
from the Native American population [31]. This suggests that
pili could become one of several components in a protein-based
vaccine for S. pneumoniae.

Second, we show that presence of the rlrA islet segregates ac-
cording to genotype, rather than phenotype. Moreover, the islet
was probably acquired prior to the formation of the clonal com-
plexes and steadily maintained during clonal diversification,
even in CCs that show evidence of a complex evolutionary his-
tory. Following these observations, the occurrence of rlrA-
negative STs in CC 176, the founder of which is rlrA positive,
could be explained as an instance of pilus operon loss. This event
can be inferred to have taken place between ST 176 and ST 361
(figure 1C), the rlrA-negative genotype then having been inher-
ited by the descendant STs. Alternative explanations could be
acquisition of the rlrA pilus islet, subsequent to the formation of
distinct subclones of the CC; or artificial grouping by eBURST of
isolates from 2 independent clonal expansions, one of which
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Figure 4. Distribution of the rlrA islet in antimicrobial-resistant S. pneumoniae sequence types (STs). A, Histogram showing the relative frequency
of rirA* (black)and rirA= (gray) STs. Strains within the multilocus sequence typing database collection for which minimum inhibitory concentration (MIC)
values were provided were analyzed and stratified by ST and antibiotic susceptibility class (susceptible [S] and nonsusceptible [NS]). NS strains were
defined by MIC values of >0.12 ug/mL, >0.5 ug/mL, and >4 wg/mL for penicillin, erythromycin, and tetracycline, respectively. Those STs in which
>50% of the strains were NS were defined as NS. The total number of STs analyzed was 151 for penicillin, 137 for erythromycin, and 100 for
tetracycline. The fraction of rirA-positive STs within S and NS groups (95% confidence interval [Cl], based on the binomial distribution of probability)
were as follows: the fraction of rlrA-positive STs among strains susceptible to penicillin, erythromycin, or tetracycline was 0.21 (95% Cl, 0.14—-0.30),
0.23 (95% Cl, 0.15-0.32), and 0.32 (0.21—-0.45), respectively, whereas the fraction of rirA-positive STs among clones not susceptible to penicillin,
erythromycin, or tetracycline was 0.51 (95% Cl, 0.36—0.67), 0.53 (0.36—0.70), and 0.41 (0.25-0.58), respectively.

originated from an rlrA-positive strain and the other from an
rlrA negative strain, although testing of the eBURST algorithm
suggests its robustness under the evolutionary processes [32].

Third, the genetic variability of the rlrA pilus islet can be
organized into 3 clades, as demonstrated by sequence analysis
of the operons from genetically diverse pneumococci. Single
protein alignments highlight RrgA and RrgC as the most
promising components for a serotype-independent vaccine,
while the variability of RrgB makes this protein less attractive.
Additionally, the rlrA clade type within a CC was determined
to be identical, strongly suggesting clonal inheritance of this
islet; this was in contrast with serotype, which frequently var-
ies within a CC. These findings clearly reveal that the associ-
ation between the rlrA islet and serotype depends on the ge-
netic link between serotype and genotype. In fact, there is a
significant correlation between serotype and the presence of
the operon only for those serotypes that correspond to a re-
stricted number of CCs, such as serotype 9V (CC 162) and
serotype 3 (CC 180).

Furthermore, sequence analysis of the genomic region in rlrA-
positive and rlrA-negative isolates suggests that the islet could
have been acquired by homologous recombination during mul-
tiple events mediated by IS1167 insertions. This latter observa-

tion raises questions regarding the potential genetic source of the
rlrA genetic element in other Streptococcus species. To date, 25 S.
mitis isolates have been analyzed and tested negative for the rirA
islet by Southern blot analysis and PCR (data not shown). More-
over, the probability that alternative elements could code for a
pilus in S. pneumoniae strains lacking the rlrA islet, as is the case
for S. agalactiae and S. pyogenes [33, 34], will be verified by se-
quencing new genomes.

In our study we also noted a correlation between the presence
of the rlrA islet and antibiotic resistance, suggesting its clinical
relevance with respect to the development and spread of pneu-
mococcal disease. The reasons for the apparent association be-
tween the rlrA pilus operon and antibiotic resistance are not
clear. It could be that lineages that contain both the rlrA islet and
specific resistance genes are more commonly subject to recom-
bination and more likely to have taken up both elements [35].
Other scenarios may be suggested in which pili aid adhesion
during the colonization of a nasopharynx devoid of other bacte-
rial flora as a result of antibiotic treatment. Elucidation of this
relationship is beyond the scope of the current work. We note
however, that this association is another attractive feature of pi-
lus proteins as a vaccine component, as they could provide pro-
tection against drug-resistant clones.
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This analysis provides the potential to predict the actual dis-
tribution of rlrA among a collection of isolates with defined ge-
notypes, even given the current limits dictated by epidemiolog-
ical surveillance. The efficacy of the pilus as a protective antigen
furthermore supports a global effort to understand its epidemi-
ology in the design of a protein-based vaccine.
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