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Abstract

Among the 1660 isolates recovered from invasive pneumococcal disease (IPD) in adults
(>=18yrs) in 2008—-2011, a random sample of >50% of each serotype (n = 871) was cho-
sen for MLST analysis and evaluation for the presence and type of pilus islands (PIs). The
genetic diversity was high with 206 different sequence types (STs) detected, but it varied
significantly between serotypes. The different STs represented 80 clonal complexes (CCs)
according to goeBURST with the six more frequent accounting for more than half (50.6%) of
the isolates—CC156 (serotypes 14, 9V and 23F), CC191 (serotype 7F), CC180 (serotype
3), CC306 (serotype 1), CC62 (serotypes 8 and 11A) and CC230 (serotype 19A). Most of
the isolates (n =587, 67.3%) were related to 29 Pneumococcal Molecular Epidemiology
Network recognized clones. The overall proportion of isolates positive for any of the Pls was
small (31.9%) and declined gradually during the study period (26.6% in 2011), mostly due
to the significant decline of serotype 1 which is associated with PI-2. The changes in sero-
types that occurred in adult IPD after the introduction of the seven-valent pneumococcal
conjugate vaccine (PCV7) for children were mostly due to the expansion of previously circu-
lating clones, while capsular switching was infrequent and not related to vaccine use. The
reduction of IPD caused by PCV7 serotypes in the years following PCV7 implementation
did not result in a decline of antimicrobial resistance in part due to the selection of resistant
genotypes among serotypes 14 and 19A.
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Introduction

The 7-valent conjugate vaccine (PCV7) was available for children through the private sector in
Portugal from 2001 onwards until it was replaced in the beginning of 2010 by the 13-valent
conjugate vaccine (PCV13). In 2012, PCV 13 received approval for use also in adults > 50 years
of age with an extension being made to all ages in 2013. Additionally, PCV13 entered the Por-
tuguese National Immunization Program (NIP) in June 2015 for children born from January
2015 onwards. Two other vaccines, the 23-valent pneumococcal polysaccharide vaccine
(PPV23) and the 10-valent conjugate vaccine (PCV10), have also been available in Portugal
since 1996 and 2009, respectively, but with a low uptake [1].

Among the more than 90 different pneumococcal serotypes identified, only a few cause the
majority of IPD. While for some serotypes the capsular polysaccharide is the dominant deter-
minant of invasiveness, for others distinct genotypes show important differences in invasive-
ness [2]. Additionally, there are other features that are strongly associated with genotype
independently of serotype, such as antimicrobial susceptibility and the presence and type of
pilus islands [3,4]. With the availability of pneumococcal conjugate vaccines that efficiently tar-
get particular serotypes, important changes have been reported regarding not only serotype but
also genotype distributions of pneumococci causing IPD [5-9]. Interestingly, while non-vac-
cine serotypes have emerged as a cause of IPD, in some cases distinct clones expressing the
same serotype have risen in frequency in different geographic regions [10,11].

While numerous studies have addressed the serotype distribution of IPD, information
regarding the clonal composition of pneumococcal populations has been scarcer. In a previous
study we defined the clonal composition of pneumococci causing IPD in both children and
adults in the pre-PCV7 period [11]. In a subsequent study we documented major changes in
the potential coverage of PCV13 starting in 2009, due to decreases in prevalence of serotypes 1
and 5 [12]. In the present study we aimed to characterize the clonal composition of pneumo-
cocci causing adult IPD in Portugal between 2008 and 2011, a period characterized by extensive
use of PCV7 and the adoption of PCV13 in children and prior to the use of PCV13 in adults.

Materials and Methods
Bacterial isolates

The isolates included in this study were recovered from adult patients (>18 yrs) with invasive
pneumococcal disease between 2008 and 2011 and were characterized in previous studies
regarding serotype distribution and antimicrobial susceptibility [1,12]. A case of invasive dis-
ease was defined by the recovery of pneumococci from a normally sterile source, such as blood
or cerebral spinal fluid (CSF). Serotypes were grouped into conjugate vaccine serotypes, i.e.,
those included in PCV13 (serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19F, 19A, 23F) that com-
prise all serotypes found in lower valency vaccines (PCV7: 4, 6B, 9V, 14, 18C, 19F, 23F; and
PCV10: 1,4, 5, 6B, 7F, 9V, 14, 18C, 19F, 23F), those included in PPV23 (all serotypes included
in PCV13 except 6A and serotypes 2, 8, 9N, 104, 11A, 12F, 15B, 17F, 20, 22F and 33F), and
non-vaccine serotypes (NVT). The isolates that were not typable with any of the complete set
of sera available from the Staten Serum Institute (Copenhagen, Denmark) were considered
non-typable (NT). Given the high frequency of spontaneous switching between serotypes 15B
and 15C we opted to include strains with these serotypes into a single group. Due to the diffi-
culty in distinguishing a set of isolates that were positive for both serotypes 25A and 38 we
opted to include strains with these serotypes into a single group.

From a total of 1660 isolates recovered, a random sample of >50% of the isolates (n = 871)
from each serotype and from each year was chosen to be characterized by MLST and tested for
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the presence of the pilus islands. Briefly, among the 1660 isolates, there were 52 different sero-
types, with the 10 most frequent being serotypes 3 (13.0%), 7F (10.0%), 19A (9.8%), 1 (8.5%),
14 (8.1%), 8 (5.7%), 22F (3.9%), 4 (3.2%), 9N (2.8%) and 11A (2.8%). However, the 10 most fre-
quent serotypes were different in each of the age groups. In the 18-49 yr olds (n = 472) these
were serotypes 1 (14.0%), 7F (11%), 8 (9.1%), 14 (8.7%), 3 (7.6%), 19A (6.1%), 9N (4.2%), 4
(3.8%), 22F (3.2%), 11A (2.8%). In the 50-64 yr olds (n = 358) these were serotypes 3 (12%),
19A (10.3%), 1 (9.5%), 7F (9.2%), 14 (6.1%), 4 (5.0%), 8 (4.5%), 11A (3.4%), 22F (3.4%), OV
(2.8%). In the >65 yr olds (n = 830) these were serotypes 3 (15.8%), 19A (11.6%), 7F (10.2%),
14 (8.7%), 1 (4.9%), 22F (4.6%), 8 (4.2%), 6C (3.0%), 11A (2.5%), 9N (2.3%). Overall, the pro-
portions of PCV7, PCV13 and PPV23 serotypes were 18.4%, 61.9% and 79.4%, respectively.
Non-susceptibility to penicillin, defined as either intermediate level penicillin resistance (MIC
0.12-1.0 pg/ml) or high level resistance (MIC>2.0 pg/ml) as discussed previously [1,12], was
found in 330 isolates (19.9%), while 315 isolates (19.0%) were resistant to erythromycin. The
age and sex of the patients and the source of the isolates randomly chosen for further study was
similar to that of the 1660 isolates. In the genotyped group the age distribution was as follows:
28.5% of the isolates were from individuals 18-49 yrs, 21.2% from 50-64 yrs and 50.3% from
>65 yrs. The majority of the isolates were collected from blood (87.9%), 8.4% from CSF, 2.5%
from pleural fluid and 1.2% from other normally sterile sources.

MLST

MLST was performed as described previously [13]. The DNA sequences were analyzed using
Bionumerics software (Applied-Maths, Sint-Martens-Laten, Belgium) and the alleles and
sequence types were assigned according to the pneumococcal MLST database available at
http://pubmlst.org/spneumoniae/. The goeBURST algorithm [14] implemented in the PHY-
LOViZ software [15] was used to establish relationships between STs. Clonal complexes were
defined at the single-locus-variant (SLV) and double-locus-variant (DLV) levels.

Detection of Pilus Islands

The presence of pilus islets (PI) was evaluated by PCR. Briefly, for PI-1 in the absence of the
pilus islet, a product of 1-3Kb was expected using primers PFL-up and P-dn flanking the islet
[4]. In strains yielding no PCR product, the rlrA gene was detected using primers RLRA-up
and RLRA-dn. A similar approach was followed to detect the presence of PI-2 [16].

Statistical Analysis

Sample diversity was evaluated using the Simpson’s index of diversity (SID) and the respective
95% confidence intervals (CI95%) [17]. To compare two sets of partitions the Adjusted Wal-
lace (AW) coefficients were calculated [18] using the online tool available at http://www.
comparingpartitions.info. Differences were evaluated by the Fisher exact test with the false dis-
covery rate (FDR) correction for multiple testing [19] and the Cochran-Armitage test was used
for trends. A p<0.05 was considered significant for all tests.

Results
Sequence Type Distribution and Relationship with Serotype

The 871 isolates analyzed by MLST presented 206 different ST's (SID = 0.971, CI95%: 0.967-
0.976) grouping into 80 CCs (SID = 0.948, CI95%: 0.942-0.953) according to goeBURST analy-
sis, when including all ST's deposited in the database. The 14 most frequent STs, which
accounted for more than half of the genotyped isolates (50.6%) were, in decreasing order,
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ST191 (9.9%), ST306 (7.0%), ST180 (6.9%), ST53 (4.5%), ST156 (4.0%), ST276 (3.6%), ST433
(3.2%), ST66 (2.8%), ST408 (1.7%), ST232 (1.7%), ST260 (1.5%), ST143 (1.4%), ST179 (1.3%)
and ST289 (1.3%).

Twenty new allelic combinations and 19 new alleles were identified. The new allelic combi-
nations were identified as STs: 6176, 6177, 6180, 6181, 6182, 6973, 8866, 9955, 9956, 9957,
9958, 9960, 9963, 9966, 9969, 9970, 9971, 9979, 9982 and 9986. The novel alleles identified
were designated 200, 307 and 309 for aroE, 429, 636 and 637 for ddl, 294, 295, 428 and 430 for
gdh, 437 and 438 for gki, 273 for recP and 588, 589, 590, 592, 593 and 605 for xpt.

There was a strong correlation between CC and the vaccine serotype groups (AW = 0.810,
CI95%: 0.763-0.857), with the six most prevalent CCs being mainly composed of isolates pre-
senting vaccine serotypes (95.5%). Table 1 shows the age distribution and serotypes of the most
frequent ST's found in the 22 major CCs (n>10 isolates), together accounting for 83.7% of the
genotyped isolates. The major CC (CC156, n = 101) included mostly isolates expressing PCV7
serotypes, namely 14, 9V and 23F, while four of the remaining five most frequent CCs were
mainly composed of isolates presenting the additional serotypes found in PCV13 (mainly 7F,
3, 1 and 19A). The other most frequent lineage, CC62, consisted mostly of isolates expressing
serotypes included only in PPV23 (serotypes 8 and 11A). The age distribution and serotypes of
the ST's found in CCs with <10 isolates are shown in S1 Table.

Fig 1 shows the ST's expressing each of the 13 serotypes included in PCV13 and Fig 2 the
STs expressing each of the 10 most frequent serotypes found among those not included in any
of the conjugate vaccines. The ST's found in the remaining serotypes are indicated in S2 Table.
The genetic diversity varied greatly with serotype, with serotypes, 4, 6A, 6B, 9V, 18C, 194, 20
and 23A being highly diverse (SID>0.8) and serotypes 1, 5, 7F, 9N and 22F displaying very
limited diversity (SID<0.3). In general, there was a predominance of high genetic diversity
among PCV13 serotypes and low genetic diversity among the 10 most frequent non-PCV13
serotypes. For serotypes 9V, 14 and 23 A, the wide variety of ST's did not result in a high diver-
sity of CCs, with a maximum of two CCs being detected in each. The genetic diversity of each
serotype was independent of the serotype’s frequency. Examples of this are the low frequency
serotypes 6B and 18C that presented a high genetic diversity and no dominant ST.

A total of 587 isolates (67.3%) presented ST's related to 29 of the 43 clones recognized by the
Pneumococcal Molecular Epidemiology Network (PMEN) [20], sharing at least five MLST
alleles with these clones (357 isolates had the same ST, 133 were SLVs and 97 were DLV5s).
When considering these isolates the predominant clones were Netherlands”"-191 (n = 88),
Spaingv-156 (n = 71), Netherlands’-180 (n = 68), Netherlands®-53 (n = 63), Sweden'-306
(n = 63), Denmark'#-230 (n = 47), Tennessee'*-67 (n = 24), Tennessee*>"-37 (n = 24) and
Netherlands'*8-199 (n = 21) (Figs 1 and 2 and S2 Table). Additionally, another 63 isolates were
included in the same CCs of other four PMEN clones.

The correlation between ST and serotype was high (AW = 0.942, CI95%: 0.912-0.973), but
there were ST's that presented more than one serotype (Table 1 and S1 and S2 Tables). The
serotype distribution along the studied years for the STs expressing more than one serotype is
shown in Table 2.

Variation of STs with Time

When analyzing the evolution of ST's between 2008 and 2011 we identified some fluctuations,
although the majority reflected changes in serotype prevalence occurring in this period. How-
ever, while for ST306 (serotype 1) there was a decline, significant after correcting for multiple
testing (from 11.0% to 2.8%, Cochran-Armitage test of trend p = 0.014), for the other ST's the
changes were only significant before FDR correction. The STs for which there was a significant

PLOS ONE | DOI:10.1371/journal.pone.0153602 May 11,2016 4/16



el e
@ ' PLOS ‘ ONE Genetic Lineages of Adult Invasive Pneumococcal Disease in Portugal

Table 1. Age distribution and the serotypes of the most frequent STs found in the 22 major CCs (n>10 isolates) identified by goeBURST.

no. of isolates per age group

CC (n) ST Total [18-49] [50-64] > =65 Dominant serotype (n) Other serotypes
156 (101) 156 35 13 5) 17 14 (31) 9V (), 10A (1)
143 12 2 2 8 14 (12) -
338 10 3 1 6 23F (7) 23A (2), 19F (1)
162 6 2 1 3 9V (4) 19F (1), 24A (1)
2944 5 0 3 2 14 (5) -
Others? 33 8 6 19 9V (10) 14 (8), 6B (5), 6C (3), 23F (3), 35F (2), 17F (1), 17A (1)
191 (88) 191 86 31 15 40 7F (83) 7A (1), NT® (2)
Others® 2 0 2 0 7F (2) -
180 (68) 180 60 8 17 35 3 (60) -
Others® 8 2 1 5 3 (8) -
306 (68) 306 61 26 14 21 1(61) -
350 5 1 2 2 1(5) -
Others?® 2 2 0 0 1(2) -
62 (67) 53 39 15 8 16 8 (37) NT® (2)
408 15 6 4 5 11A (14) 11C (1)
62 7 1 2 4 11A (7) =
Others? 6 3 0 3 8(2), 11A (2) 18C (1), 22F (1)
230 (47) 276 31 3 7 21 19A (31) =
230 6 1 1 4 24F (4) 19A (2)
Others? 10 4 3 3 19A (8) 10A (1), 24F (1)
81 (30) 66 24 12 3 9 9N (23) NT® (1)
Others?® 6 1 0 24F (4) 4(2)
433 (29) 433 28 4 5 19 22F (28) -
Others? 1 0 0 1 22F (1) -
439 (25) 439 7 0 3 4 23B (7) -
42 5 1 3 1 23A (4) 6A (1)
Others? 13 3 2 8 23A (7) 23B (3), 23F (3)
15 (24) 9 8 3 0 5 14 (8)
1201 7 3 0 4 19A (4) 7C (3)
Others? 9 1 2 6 14 (5) 34 (2),6B (1), 7C (1)
177 (24) 179 11 4 4 3 19F (11) -
Others? 13 3 5} 5 19A (5) 19F (3), 21 (3), 15A (1), 15 B/C (1)
199 (21) 416 8 1 2 5 19A (8) -
411 7 1 2 4 15B/C (7) -
199 6 2 2 2 19A (3) 15B/C (2), 18C (1)
378 (19) 232 15 3 5 7 3 (15) -
Others? 4 2 0 2 3 (4) -
113 (16) 123 5 1 0 4 17F (5) -
1766 5 2 0 3 31 (5) -
Others?® 6 1 2 3 22F (3) 17F (1), 18C (1), 31 (1)
460 (16) 97 10 2 3 5 10A (10) -
Others? 6 3 1 2 6A (4) 10A (1), 35F (1)
260 (15) 260 13 2 3 8 3(13) -
Others?® 2 1 0 1 32 -
218 (13) 218 10 3 2 5 12B (10) -
Others?® 3 1 1 1 12B (2) 12F (1)

(Continued)
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Table 1. (Continued)

cC (n) ST
289 (13) 289
Others?
30 (11) 30
Others®
63 (11) 63
Others?®
315 (11) 386
Others®
404 (10) 404
Others®

Total

11
2
10

- © AN W O

no. of isolates per age group

[18-49]

()]

- 00 O - O W o N =

[50-64] > =65 Dominant serotype (n) Other serotypes
5(11)
5(2)
16F (10)
16F (1)
15A (7) 15F (1)
3 (1), 7F (1), 15A (1)
6C (6) 6B (1)
6C (3) 6B (1)
8 (9)
8 (1)

O O = = =4 O O N O DN
O A WO N OGO = O = b

& Sequence types that accounted for less than 5 isolates each were grouped together in “Others”.

® NT-non typable.

doi:10.1371/journal.pone.0153602.t001

p-value in the Cochran-Armitage test for trends but unsupported after FDR correction were:
ST53 (serotype 8), that increased from 3.3% to 6.5% (p = 0.043); ST289 (serotype 5), that
accounted for 2.4% of IPD in 2008 and 0% in 2011 (p = 0.020); ST717 (serotypes 33A and 33F)
that increased from 0% to 1.4% (p = 0.048); and ST's 193 (serotype 19A) and 409 (serotype 14)
that were only detected in 2008 (1.9% and 1.4%, respectively; p = 0.001 and p = 0.020, respec-
tively). Regarding changes in CCs with time, these reflected the changes identified in ST's, with
only CC306 declining significantly after FDR correction (from 12.9% to 2.8%, Cochran-Armi-
tage test of trend p = 0.001).

Relationship of STs with Patient Age and Isolate Source

When grouping the isolates according to the three patient age groups— 18-49 yrs, 50-64 yrs
and > = 65 yrs—only CC5902 showed a statistically significant association with age. The seven
isolates belonging to this CC were all recovered from individuals with 18-49 yrs (p = 0.011, sig-
nificant after FDR correction, S1 Table).

When testing for associations between STs and CCs and isolate source, the only significant
association found was between CC460 and CSF, with 6 out of 16 isolates being collected from
CSF (p = 0.012, significant after FDR correction).

Presence of Pilus Islands

A total of 278 isolates, representing 31.9% of the genotyped collection, carried at least one PI.
Among these, 107 (38.5%) had only PI-1, 165 (59.4%) only PI-2 and 6 (2.2%) presented the
two PIs simultaneously.

While the proportion of PI-1 positive isolates remained stable between 2008 and 2011
(from 10.0% to 11.6%, Cochran-Armitage test of trend p = 0.857), there was a significant
decline of PI-2 carrying isolates (from 24.8% to 15.8%, Cochran-Armitage test of trend
p = 0.007). This also resulted in an overall increase in the proportion of isolates lacking any of
the pilus islands, from 63.8% in 2008 to 72.6% in 2011 (p = 0.013).

The presence and variants of the PIs were more strongly associated with ST (AW = 0.950,
CI95%: 0.933-0.967) than with serotype (AW = 0.711, CI95%: 0.651-0.771). The ST’ that were
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Fig 1. Distribution of STs according to serotype of the isolates causing adult IPD in 2008-2011 and expressing serotypes included
in the conjugate vaccines. The STs that were considered by goeBURST as founders of a CC are indicated by “. The STs that matched the
STs of PMEN clones are indicated by “*. Marked either with “*” or “!” are STs belonging to the same CC in each serotype. The respective
SID values are indicated on top of the bars and in parenthesis are the respective confidence intervals. In grey are represented the isolates
included in STs with <3 isolates. These were: serotype 4 —ST801 (n = 2) and STs 244, 246, 259 and 1866 (n = 1, each); serotype 6B —
ST176 (n=2), STs 138, 273, 386, 473, 1518, 6175, 9957, 9970, 9986 and 10051 (n = 1, each); serotype 9V —STs 280 and 10044 (n = 2,
each) and STs 239, 1762 and 10054 (n = 1, each); serotype 14 -ST15 (n=2) and STs 2511, 2616, 4573, 4576 and 10041 (n =1, each);
serotype 18C —STs 102, 113, 199, 1233 and 10033 (n = 1, each); serotype 19F -ST177 (n=2), STs 89, 162,271,338 and 391 (n=1,
each); serotype 23F —-ST10039 (n =2) and STs 1135 and 9579 (n = 1, each); serotype 1 -STs 217, 228, 1233, 3081 and 4578 (n =1, each);
serotype 3 -ST1220 (n =2) and STs 505, 1230, 6014, 9162 and 10038 (n = 1, each); serotype 5 —STs 280 and 10044 (n = 2, each), STs
239, 1762 and 10054 (n = 1, each); serotype 6A —ST1876 (n = 2) and STs 42, 460 and 10055 (n = 1, each); serotype 7F —-STs 1062, 1589
and 3130 (n =1, each) and serotype 19A —STs 230, 242, 320, 2013 and 6174 (n = 2, each) and STs 241, 878, 2102, 2669, 2732, 4197,
4847,6178,6973, 9963 and 10042 (n =1, each).

doi:10.1371/journal.pone.0153602.g001

significantly associated with PI-1 and PI-2 are shown in Table 3. All isolates included in CC320
(n =3) and CC2669 (n = 3) presented the two PIs simultaneously.

Among the 105 isolates presenting only PI-1, 87.9% expressed PCV7 serotypes, namely
serotypes 14 (n =49),4 (n =15), 19F (n =13),9V (n = 11) and 6B (n = 6). The remaining iso-
lates were from serotypes 19A (n = 9) and 7F, 24A and 35B (n = 1, each). PI-2 positive isolates
were from serotypes 7F (n = 85), 1 (n =68), 11A (5), 19A (n=2), 3, 7A and 31 (n = 1, each)
and NT (n = 2). The isolates presenting simultaneously the two types of PIs were from sero-
types 19A (n=5) and 19F (n = 1).

No associations between isolate source and type of PI were detected. Still, there was a low
proportion of PI-2 positive isolates among isolates recovered from the CSF, with only 6 of the
73 CSF isolates presenting PI-2, and while 7 of the 15 isolates recovered from pleural fluid car-
ried PI-2, none carried PI-1.
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Fig 2. Distribution of STs according to serotype of the isolates causing adult IPD in 2008—-2011 and expressing the 10 most
frequent serotypes not included in any of the conjugate vaccines. The respective SID values are shown on top of the bars and in
parenthesis are the respective confidence intervals. In grey are represented the isolates included in STs with <3 isolates. These were:
serotype 8 -ST1012 (n =2) and ST 9969 (n = 1); serotype 22F —STs 10053 and 10220 (n = 1, each); serotype 9N —ST3982 (n = 1);
serotype 11A —STs 9955, 9960 and 10052 (n = 1, each); serotype 6C —STs 1150, 1692 and 3396 (n = 2, each) and STs 1390, 1715, 2667
and 4310 (n =1, each); serotype 12B —ST6180 (n = 2); serotype 10A —STs 156, 816 and 3135 (n = 1, each); serotype 20 —STs 1483,
1871, 7221,9958 and 10047 (n = 1, each); serotype 23A —ST338 (n = 2) and STs 190, 311, 438, 6177, 7960, 8866 and 10048 (n = 1, each);
serotype 16F —STs 570 and 5902 (n = 1, each).

doi:10.1371/journal.pone.0153602.g002

Antimicrobial Resistance

Similarly to pilus islands, resistance to antimicrobials was more strongly associated with ST
than with serotype. The AW for ST or serotype and penicillin susceptibility was, respectively,
0.785 (CI95%: 0.729-0.841) and 0.389 (CI95%: 0.326-0.452), while the AW for ST or serotype
and erythromycin susceptibility was, respectively, 0.711 (CI95%: 0.598-0.824) and 0.315
(CI95%:0.217-0.413). The sequence types that were associated with penicillin non-susceptible
pneumococci (PNSP) and erythromycin resistant pneumococci (ERP) are presented in

Table 4.

Discussion

In spite of several years of PCV7 use in children, the most frequent CC was CC156 (11.6%,
Table 1), a lineage that expressed mainly PCV7 serotypes (89.1%) and which was also the most
frequent in IPD in the pre-PCV7 period [11]. We had previously shown that the serotype dis-
tribution of pneumococci causing adult IPD had changed significantly in the post-PCV7
period, with the proportion of PCV7 serotypes declining to values below 20% [1,12,21]. Adult
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Table 3. Sequence types that were associated with pilus island 1 (PI-1) and pilus island 2 (PI-2).

Table 2. Serotype distribution for the STs expressing more than one serotype between 2008-2011.

ST? (n)
156 (35)
338 (10)
717 (9)
63 (8)
386 (7)
1201 (7)
162 (6)
199 (6)
230 (6)
42 (5)
241 (5)

2008
14 (6), 9V (1)
15A (2)
19A (2), 7C (1)
9V (3), 19F (1)
15B/C (1)
24F (2)
6A (1)
18A (3)

2009
14 (12), 9V (1)
23F (3)
33A (1)
15A (3)
6C (2)
19A (1), 7C (1)

Serotype (n)

23F (2), 23A (1), 19F (1)

15B/C (1), 19A (2), 18C (1)

23A (2)

2 Only the sequence types that presented > 5 isolates are shown.

doi:10.1371/journal.pone.0153602.t002

2010
14 (7), 10A (1)

33A (4), 33F (1)
15A (2), 15F (1)
6C (2)
19A (1), 7C (1)
9V (1)
24F (2), 19A (1)
23A (2)
18A (1), 19A (1)

2011
14 (6), 9V (1)
23F (2), 23A (1)
33A (2), 3 (1)
6C (2), 6B (1)
24A (1)
19A (1)
19A (1)

vaccination with anti-pneumococcal vaccines was low to negligible and prior work indicated
that these changes were due to a combination of secular trends and herd effect from children
vaccination, which although occurring through the private market reached a coverage of 75%
of children <2 yrs in 2008 [1,12,21]. Due to these changes one could expect that CC156 would

Type of Pilus ST Yes No OR? (95% ClI) P-value®
Pilus 1 156 26 9 24.68 (10.79-61.89) <0.001
143 12 0 Inf (20.32-Inf) <0.001
179 10 1 72.89 (10.18-3133.46) <0.001
416 8 0 Inf (12.04-Inf) <0.001
162 6 0 Inf (8.16-Inf) <0.001
205 6 0 Inf (8.16-Inf) <0.001
2944 5 0 Inf (6.30-Inf) <0.001
1221 5 0 Inf (6.30-Inf) <0.001
4575 3 0 Inf (2.8-Inf) 0.002
838 3 0 Inf (2.8-Inf) 0.002
191 0 86 0 (0-0.27) <0.001
306 0 61 0 (0-0.39) <0.001
180 0 60 0 (0-0.40) <0.001
Pilus 2 191 86 0 Inf (181.20-Inf) <0.001
306 61 0 Inf (99.04-Inf) <0.001
350 5 0 Inf (3.81-Inf) <0.001
180 0 60 0 (0-0.24) <0.001
53 0 39 0 (0-0.39) <0.001
156 0 35 0 (0-0.44) <0.001
& OR—Odds ratio.
® Only significant values after FDR correction are shown.
doi:10.1371/journal.pone.0153602.t003
PLOS ONE | DOI:10.1371/journal.pone.0153602 May 11,2016 9/16
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Table 4. Sequence types that were positively associated with penicillin non-susceptibility, erythromycin resistance, erythromycin and penicillin
non-susceptibility simultaneously and multi drug resistance.

Antimicrobial resistance?® ST Yes No ORP (95% ClI) P-value® Penicillin MIC range (ug/ml)
PNSP 156 34 1 1583.83 (25.29-6036.47) <0.001 0.5-3
276 31 0 Inf (34.58-Inf) <0.001 0.19-3
143 12 0 Inf (10.84-Inf) <0.001 0.75-3
338 10 0 Inf (8.65-Inf) <0.001 0.064-0.19
63 8 0 Inf (6.52-Inf) <0.001 0.094—-1
386 7 0 Inf (5.48-Inf) <0.001 0.064-0.19
179 7 4 6.69 (1.68-31.50) <0.001 0.047-2
230 6 0 Inf (4.45-Inf) <0.001 0.38-0.75
2944 5 0 Inf (3.45-Inf) <0.001 2-8
ERP 276 30 1 150.50 (24.56-5946.55) <0.001 0.19-3
179 11 0 Inf (10.96-Inf) <0.001 0.047-2
143 10 2 21.90 (4.60—206.95) <0.001 0.75-3
717 9 0 Inf (8.52-Inf) <0.001 0.008-0.032
9 8 0 Inf (7.32-Inf) <0.001 0.016-0.064
63 8 0 Inf (7.32-Inf) <0.001 0.094-1
386 7 0 Inf (6.15-Inf) <0.001 0.064-0.19
350 5 0 Inf (3.87-Inf) <0.001 0.004-0.023
230 5 1 21.27 (2.36—1006.44) 0.001 0.38-0.75
EPNSP 276 30 1 274.20 (44.39-10466.80) <0.001 0.19-3
143 10 2 36.81 (7.69-350.14) <0.001 0.75-3
63 8 0 Inf (12.17-Inf) <0.001 0.064-0.19
386 7 0 Inf (10.19-Inf) <0.001 0.064-0.19
179 7 4 12.52 (3.12-59.31) <0.001 0.047-2
230 5 1 35.15 (3.88-1669.53) <0.001 0.38-0.75
4575 3 0 Inf (2.83-Inf) 0.002 2-3

& PNSP—Penicillin non-susceptible pneumococci, ERP—Erythromycin resistant pneumococci, EPNSP—Erythromycin and penicillin non-susceptible
pNeumococci.

® OR—odds ratio. Inf—infinite.

¢ Only significant values after FDR correction are shown.

doi:10.1371/journal.pone.0153602.1004

also decrease (this CC accounted for 21.7% of all IPD in 1999-2003 [11]) and potentially lose
its dominance. During the study period CC156 accounted for an approximately constant pro-
portion of the characterized isolates in each year (varying slightly between 5.5% and 7.0%). The
observed persistence of this CC may be explained by three different factors: 1) while it is true
that PCV7 serotypes have declined in importance, it is also true that they still account for
approximately one fifth of adult IPD and 57% of the isolates expressing PCV7 serotypes in
2008-2011 belonged to this CC; 2) this CC is strongly associated with antimicrobial resistance,
with n = 70/101 isolates being resistant to at least two different classes of antibiotics; and 3) the
genomic diversity of CC156 is high, with one study reporting the presence of 10 unrelated
genetic subgroups [22], suggesting that this CC may be particularly suited to adapt to different
selective pressures. Regarding the last point, in our study we found representatives of three dif-
ferent clones recognized by the PMEN included in CC156: Spain®"-156, Colombia®**-338 and
Greece®®-273 [20].
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Opverall, the clones recognized by the PMEN were strongly represented in our collection
with up to 67.3% of the isolates being at most DLVs of one of the 29 different PMEN clones
identified. Among the 22 major CCs occurring in the study period (Table 1), only six did not
include a PMEN clone: CC433, CC378, CC460, CC260, CC30 and CC404. The most frequent
of these, CC433 (mainly ST433, Table 1), was the eighth most frequent CC, included mostly
isolates susceptible to antimicrobials, and is now an important cause of IPD worldwide [23-
27].

The eight more frequent CCs (Table 1) were mainly composed of isolates expressing one of
the top 10 serotypes causing adult IPD in 2008-2011, excluding serotype 4 that presented a
high genetic diversity and no dominant CC (Fig 1). In fact, the clonal composition of the 10
most frequent serotypes causing adult IPD in Portugal in 2008-2011 (Figs 1 and 2) presented
both similarities and differences with other geographic regions in similar periods, with most
matching results coming from countries in Europe and the Americas, especially for serotypes 3
(Netherlands®-180), 7F (Netherlands’"-191), 22F (ST433) and 9N (ST66) [23-26,28-30]. Most
of these lineages, with the exception of ST66, were also dominant among isolates expressing
the same serotypes and causing IPD in children in Japan [27]. Among the isolates expressing
serotypes 19F and 23F, the lineages that dominated in the present study where either absent or
represented a minority of the isolates of the same serotype in the recent studies from the United
States and Japan [26,27], indicating the persistence of different lineages expressing PCV7 sero-
types in different countries. Serotype 19A, which increased as a cause of IPD after PCV7 imple-
mentation in several countries, was associated in Portugal with the expansion of the PMEN
clone Denmark'*-230 while in the USA and Asia it was associated with the emergence of the
PMEN clone Taiwan'?"-236, as previously described [3]. Serotype 1 was mostly represented by
the Sweden'-306 European clone [31]. However, we detected for the first time in Portugal two
serotype 1 isolates belonging to the hypervirulent PMEN clone Sweden'-217 (STs 217 and
3081), which has been responsible for epidemics with high mortality in Africa [31,32]. The
detection of these genotypes in Portugal is not surprising, since they were found in neighboring
Spain [28] and Portugal has a significant community of citizens of African descent. Still, the
two isolates detected were collected in 2011, the last year of the study period, so it will be
important to monitor the potential emergence of this genotype as a cause of adult IPD in Por-
tugal. Serotypes 14 and 8 were found mainly among representatives of Spain®*-156 and Neth-
erlands®-53, respectively, similarly to Spain [28]. Serotype 11A was found mainly among
representatives of ST408 in our study, while the most common lineage in both Spain and the
USA was its SLV, ST62 [26,28]. For serotype 4, in spite of the higher diversity some similarity
was also found with Spain, with Sweden*-205 and ST246 being common to the two collections
of isolates [28].

When comparing our results with those from a recent carriage study in adults in Portugal
[33] in addition to the difference in serotype distribution due to the recognized differences in
invasiveness of the various serotypes [2], there was also a marked difference between the clonal
compositions of serotype 194, since the majority of isolates expressing this serotype among
asymptomatic carriers represented ST1201 (CC15), while in our study the most frequent was
ST276, indicating possible differences in virulence between these two serotype 19A lineages.

After the introduction of PCV7, several studies documented a general decrease in IPD inci-
dence. However, the benefits of vaccination were also partly overcome by increases in incidence
of non-vaccine serotypes [5,7,34,35]. This could occur through the persistence of a successful
lineage now expressing a different serotype not covered by the conjugate vaccines, a phenome-
non described as capsular switching. Among our collection a notable case of possible capsular
switching was the detection of five isolates related to the PMEN clone Denmark'*-230 (ST230,
n =4 and ST4253, n = 1) expressing the non-PCV13 serotype 24F (Table 2). This combination
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has already been reported in Portugal in colonized children [36], in Italy [37], Spain and other
European countries (http://pubmlst.org/). In Portugal, in the pre-PCV7 period, serotype 24F
was predominantly CC81 and mostly susceptible to antimicrobials. In 2008-2011, among the
nine isolates genotyped, four represented CC81 and were mainly antimicrobial susceptible as
before, while five represented CC230 and were EPNSP. The detection of this genotype express-
ing serotype 24F in Portugal is of concern since ST276, an SLV of ST230, was behind the
expansion of serotype 19A as a cause of IPD in Portugal in the post-PCV7 era [3]. Among
other possible capsular switches detected in our collection (Table 2), most reflected the occa-
sional detection of a single isolate of a different serotype, suggesting that even if these result
from capsular switching they did not persist in the population at a significant frequency. Taken
together this data indicates that capsular switching in our collection was infrequent and cannot
be attributed to vaccine pressure, in agreement with other studies [38,39]. However, even
though these events were rare they can be important since the uncommon combinations may
proliferate in the future if the conditions become favorable maintaining successful clones in
circulation.

Clonal expansion of previously less frequent lineages was a major contributor to the expan-
sion of non-PCV7 serotypes, since the 22 most frequent CCs occurring in 2008-2011 (Table 1)
were already in circulation in 1999-2003 [11]. When comparing these two periods the most
relevant changes were the expansion of CC191 (serotype 7F) and CC439 (serotypes 23B and
23A) and the decline of CC260 and CC458 (both associated with serotype 3), CC1381 (serotype
18C) and that of CC156 discussed above. The variations in frequency of CC191, CC439 and
CC1381 followed the changes occurring in the respective serotypes. Regarding the clonal com-
position of serotype 3, we found that the decrease in CC260 and CC458 was accompanied by
an expansion of CC180 among serotype 3 isolates, explaining the relative stability of this sero-
type among IPD in adults [12], with CC180 accounting for 40% of serotype 3 IPD in 1999-
2003 but for 64% in 2008-2011. Given that isolates belonging to CC180, CC260 or CC458 were
mostly susceptible to all tested antimicrobials and that only one isolate from CC180 and
another from CC458 carried a PI, this different behavior in time cannot be attributed to differ-
ences in these characteristics.

The presence and type of the PIs was more strongly associated with genotype than with
serotype, as previously reported [4]. The genotypes that carried PIs in our study (Table 3) were
essentially the same reported recently in USA [26], although the proportions of these genotypes
differed considerably between the two studies. The proportion of PI-1 carrying isolates
increased in the post-PCV7 period in the USA associated with the emergence of the non-PCV7
serotypes 19A and 35B [40]. Although serotype 19A also increased in Portugal, the genotype
behind this increase does not carry a PI (S§T276) and an actual decrease of PI-1 positive isolates
occurred when compared to the pre-PCV7 period, when 24% of the adult isolates presented
PI-1 [4]. The proportion of isolates presenting only PI-2 declined during the study period,
from 25% in 2008 to 15% in 2011. This was expected since serotype 1 isolates are significantly
associated with PI-2 and these decreased as a cause of adult IPD during the study period [12].
Since PCV13 also includes serotype 7F, which in Portugal was strongly associated with PI-2,
continued use of PCV13 may further reduce the proportion of isolates carrying PI-2. In 2011,
the proportion of isolates carrying any of the PIs was down to 26.6% of the isolates. As sug-
gested for isolates causing IPD in children [16], continued PCV13 use has the potential to vir-
tually eliminate PI carrying isolates.

Antimicrobial resistance is not a crucial pre-requisite for the success of serotypes in IPD,
as demonstrated by serotypes 1, 3 and 7F that were frequent in the post-PCV7 period and are
mostly susceptible to antimicrobials. Still, the presence of resistant clones may help the persis-
tence of serotypes targeted by vaccines, as was possibly the case with serotypes 14 and 19A.
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The highest proportions of penicillin and erythromycin resistance among adult IPD since the
beginning of epidemiological surveillance were registered in 2010, although these declined
again in 2011 [12]. Between 2008 and 2009, when only the increase in PNSP was significant,
this was due to an increase in PNSP expressing serotypes 14 and 19A. In contrast, between
2009 and 2010, the increase in both PNSP and ERP was due to an increase in genetically unre-
lated resistant isolates expressing different serotypes. Since the number of isolates collected
yearly between 2008 and 2011 did not suffer significant fluctuations, two possibilities could
explain the initial increase in PNSP isolates expressing serotypes 14 and 19A: 1) an increase
in the overall proportions of serotypes 14 and 19A, including PNSP STs or 2) an increase in
the proportion of PNSP STs within each of these serotypes, with a concomitant decrease of
susceptible STs. Regarding serotype 14 isolates, which increased slightly during the study
period, these were by 2008 almost equally distributed into only two CCs: CC15, which
includes ST409 and that is almost entirely penicillin susceptible, and CC156, in which all
serotype 14 isolates were PNSP. From 2009 onwards, CC156 became the dominant lineage,
accounting for over 90% of the isolates expressing serotype 14, a change that was not only due
to a decline in frequency of CC15 but also to a slight overall increase in frequency of CC156
among all adult IPD isolates. Among serotype 19A isolates, the increase in proportion of
PNSP between 2008 and 2009 was due to the disappearance of ST193, which was fully suscep-
tible to penicillin, and to an increase of ST276, which represented solely PNSP isolates

(Table 4). Although PNSP and ERP returned in 2011 to values similar to those found prior to
2010, this was due to a decrease in frequency of resistant isolates representing multiple ST's
and expressing different serotypes, while the emerging clones (CC156 among serotype 14 and
ST276 among serotype 19A) persisted as important causes of adult IPD. Continued surveil-
lance of resistant isolates should focus particularly on the evolution of serotype 24F since
>50% of the isolates expressing this serotype in our study were associated with the PMEN
clone Denmark'#-230 (S2 Table) which was a major clone in the expansion of serotype 19A
in the post-PCV7 period in Portugal.

The significant differences in genetic variation, as documented here by MLST, within the
various serotypes remain unexplained and should be the object of future study. We have
shown that the changes in serotypes occurring during the study period have been driven mostly
by the expansion of previously circulating clones or to declines in the majority of the lineages
expressing a given serotype. However, in some serotypes, such as 14 and 19A, changes in sero-
type frequency were driven mostly by changes in particular lineages. In the case of serotype 3,
although its proportion remained constant with time, there were significant changes in the
dominant lineages. These observations raise the possibility that lineage-specific properties may
condition the dynamics of particular serotypes. Serotype switching played a minor role in this
population but may be an important source of new variants that may increase in the post PCVs
period. Taken together, these observations reinforce the importance of determining the clonal
lineages of pneumococci to better understand the changes in the bacterial population occurring
following the use of PCVs.

Supporting Information
S1 Table. Age distribution and serotypes of the STs found in CCs with less than 10 isolates.
(PDF)

$2 Table. Distribution of STs according to serotype of the isolates (n<11) causing adult
IPD in 2008-2011 and expressing serotypes not included in any of the conjugate vaccines.
(PDF)
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