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ABSTRACT

The prevalence of nonencapsulated Streptococcus pneumoniae (NESp) has increased with the introduc-
tion of pneumococcal conjugate vaccines in children; however, the bacteriological characteristics of NESp
have not been sufficiently clarified. In this study, NESp strains isolated from the nasopharyngeal carriage
of children from four nursery schools in Japan were analyzed for molecular type, antibiotic susceptibility,
and biofilm productivity. A total of 152 putative S. pneumoniae strains were identified by optochin-
susceptibility analysis, of which 21 were not serotypeable by slide agglutination, quellung reaction, or
multiplex PCR. Among these 21 strains, three were lytA-negative and, therefore, not S. pneumoniae. The
remaining 18 strains were positive for lytA, ply, pspK, and bile solubility and were confirmed as NESp.
Therefore, the isolation rate of NESp in the S. pneumoniae strains in this study was 12.0% (18/149).
Molecular-typing analyses classified five strains as two existing sequence types (STs; ST7502 and
ST7786), and 13 strains formed four novel STs. Horizontal spread was suspected, because strains with the
same ST were often isolated from the same nursery school. The NESp isolates were generally susceptible
to most antimicrobials, with the exception of macrolides; however, all isolates possessed more than one
abnormal penicillin-binding protein gene. Furthermore, NESp strains were more effective than encap-
sulated counterparts at forming biofilms, which showed obvious differences in morphology. These data

indicated that NESp strains should be continuously monitored as emerging respiratory pathogens.
© 2019 Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases.
Published by Elsevier Ltd. All rights reserved.

1. Introduction

identified. The increased use of the pneumococcal conjugate vac-
cine (PCV) in infants has decreased the total number of invasive

Streptococcus pneumoniae colonizes the upper respiratory tract
and can be a major causal pathogen of otitis media, pneumonia, and
invasive diseases, such as sepsis and meningitis, in children. More
than 95 different polysaccharide capsule (CPS) types have been
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pneumococcal disease (IPD) cases; however, the percentage of
those caused by non-vaccine serotypes has increased dramatically,
suggesting that non-vaccine serotype IPDs have replaced vaccine
serotype IPDs [1—3]. A similar change has also been observed in
S. pneumoniae isolated from nasopharyngeal carriage [4]. Most
S. pneumoniae are regarded as harboring a CPS; however, the ex-
istence of nonencapsulated S. pneumoniae (NESp) was recently re-
ported. NESp is mainly classified into two types based on CPS
presence. The first group harbors a non-functional capsular poly-
saccharide synthesis (cps) locus located between the glucan 1,6-a-

1341-321X/© 2019 Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases. Published by Elsevier Ltd. All rights reserved.


mailto:koinori101@chiba-u.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jiac.2019.02.007&domain=pdf
www.sciencedirect.com/science/journal/1341321X
http://www.elsevier.com/locate/jic
https://doi.org/10.1016/j.jiac.2019.02.007
https://doi.org/10.1016/j.jiac.2019.02.007
https://doi.org/10.1016/j.jiac.2019.02.007

N. Takeuchi et al. / ] Infect Chemother 25 (2019) 750—757 751

glucosidase gene (dexB) and the oligopeptide ABC-transporter gene
(aliA). Previous studies found that cps becomes non-functional
because of mutations in the initiating glucose phosphate trans-
ferase (cpsE; also identified as wchA) [5,6]. These strains are non-
typeable with the quellung reaction using pneumococcal antisera,
but can be typed by PCR. The second group comprises true NESp
that completely lacks the cps locus, which is replaced with other
gene sequences. The lack of the capsular polysaccharide biosyn-
thesis gene (cpsA; also identified as wzg) identifies this group,
which is divided into four clades based on the presence of three
genes encoding pneumococcal surface protein K (pspK; also iden-
tified as nspA) and two oligopeptide-binding lipoproteins (aliB-like
homologs called aliC and aliD). These four groups are named null-
capsule clade (NCC)1, NCC2, NCC3, and NCC4 [6—8]. NCC1 harbors
the gene encoding the virulence factor pspK, which possesses basic
structure and size variations and is negative for aliC and aliD [7—10].
NCC2 is aliC- and aliD-positive, but negative for pspK, and NCC3 is
aliD-positive, but negative for aliC and pspK. NCC4 contains only
transposable elements in the cps locus.

For the clinical aspects of NESp, a recent study reported that the
NESp rate was 12.5% for streptococcal carriage in children [11].
Because PCVs do not provide immunity against NESp, the appear-
ance of NESp might be related to the wide use of PCVs for children.
Additionally, NESp pathogenicity has not been clarified, with pre-
vious reports indicating that NESp rarely cause IPD [1]. On the other
hand, NESp induces non-invasive diseases, such as otitis media,
sinusitis, and conjunctivitis [11—14], and it is expected that respi-
ratory infections caused by NESp will increase along with increases
in the NESp carriage rate in children. Therefore, understanding
NESp pathogenicity and drug sensitivity is critically important to
formulate effective treatment strategies.

In this study, we characterized NESp strains by multi-locus
sequence typing (MLST) and assessed strains for cps and pspK
expression. Additionally, we examined drug sensitivity, mutations
in genes encoding penicillin-binding proteins (PBPs), and the
presence of macrolide- and quinolone-resistance genes. Moreover,
we determined differences in biofilm formation between typeable
S. pneumoniae and NESp strains by microtiter biofilm assays (MBAs)
and scanning electron microscopy (SEM).

2. Materials and methods
2.1. S. pneumoniae strains

S. pneumoniae strains were isolated from nasopharyngeal or
nasal-swab specimens collected from healthy children (0—1-years
old) who were newly enrolled into four nursery schools in Tokyo,
Japan, from October 2012 to March 2015. The three nursery schools
(A,B,C) are located in the same region, east of Tokyo, and the other
one (D) is located in a different region, west of Tokyo. The two re-
gions are approximately 30 km apart in straight-line distance.
Parents provided written informed consent, and this study was
approved by the Ethical Committee of Medical Mycology Research
Center, Chiba University (Permission No. 2017—12). There were 11
targeted children in 2012, 39 in 2013, and 37 in 2014. There were no
duplicate specimens for children enrolled in 2012; however, in
2013 and 2014, specimens were collected three times per child per
year in general (April-June, September—November, Januar-
y—March), the total number of specimens was 231. In total, 152
nasopharyngeal carriage isolates were identified by optochin-
susceptibility test and were stored in 10% skim milk at —80 °C
until analysis. Isolates were propagated on trypticase soy agar (TSA)
with 5% sheep blood (Nippon Becton Dickinson Co. Ltd., Tokyo,
Japan) and Todd-Hewitt broth plus 0.5% yeast extract (THYB) for
18 h at 37 °C in 5% CO,. Bacterial genomic DNA was extracted using

a MORA-EXTRACT kit (Kyokuto Pharmaceuticals, Tokyo, Japan) and
stored at —20 °C. Isolates were serotyped by slide agglutination
reactions with the S. pneumoniae antisera (‘Seiken’ set; Denka
Seiken, Tokyo, Japan), quellung reactions with pneumococcal
antisera (Statens Serum Institute, Copenhagen, Denmark), and
multiplex PCR [15]. Further characterization was performed by bile
solubility testing and PCR analysis for pneumococcal autolysin
(lytA) and the intracellular toxin pneumolysin (ply). Polysaccharide
cell-wall composition was also assessed using ~10% CFU/mL bacte-
rial solution and three rapid antigen-detection Kkits [BinaxNOW
pneumococcal antigen kit (Alere, Inc., Waltham, MA, USA); RAP-
IRUN S. pneumoniae and RAPIRUN S. pneumoniae HS (Otsuka
Pharmaceutical Co. Ltd., Tokyo, Japan)] [16,17].

2.2. Analysis of capsule-phase variants and molecular typing

Presence of cpsA, pspk, aliC, and aliD was determined by PCR
amplification as previously described [7]. The PCR products were
purified with FastGene Gel/PCR extraction kit (NIPPON Genetics,
Tokyo, Japan) and subjected to sequence analysis with a Big Dye
Terminator version 3.1 cycle sequencing kit on an Applied Bio-
systems 3130xI genetic analyzer (Applied Biosystems, Foster City,
CA, USA). The repeat number of the a-helical repeat structure
A(E)(E)EEA/TKR/QK contained in pspK was counted, and the pspk
sequences of all strains were registered in GenBank (accession
numbers LC258112—LC258129).

MLST was used to analyze seven housekeeping genes (aroE, gdh,
gki, recP, spi, xpt, and ddl) by PCR, as previously described [18]. PCR
products were purified with a FastGene Gel/PCR extraction kit
(NIPPON Genetics) and subjected to sequence analysis with a Big
Dye Terminator version 3.1 cycle sequencing kit on an Applied
Biosystems 3130xI genetic analyzer (Applied Biosystems). Allelic
numbers and sequence types (STs) were determined using an MLST
database (https://pubmlst.org/spneumoniae/).

The relatedness of the isolates was determined by constructing a
gene tree with the neighbor-joining method using MEGA7.

2.3. Antimicrobial susceptibility and drug-resistance gene analysis

Antimicrobial-susceptibility testing was performed by broth
microdilution according to guidelines of the Clinical and Laboratory
Standards Institute (for 22 h at 35 °C in ambient air) to determine
minimum inhibitory concentration (MIC). S. pneumoniae ATCC
49619 was used as reference strain for the antibiotic susceptibility
test. Three strains were not grown in ambient air, but rather under
5% CO, for the antibiotic susceptibility test. Antimicrobial agents
employed in this study included penicillin G (PEN), cefotaxime
(CTX), imipenem (IPM), clarithromycin (CLR), clindamycin (CLI),
vancomycin (VAN), tosufloxacin (TFX), and levofloxacin (LVX). The
MIC breakpoints for TFX were determined according to recom-
mendations for respiratory infections established by the Japanese
Society of Chemotherapy [19].

Mutations in genes encoding penicillin-binding proteins (i.e.,
pbpla, pbp2x, and pbp2b) and the presence of the macrolide-
resistance genes mef{A) and erm(B) were assessed by PCR with the
penicillin-resistant S. pneumoniae detection reagent kit (Wakunaga
Pharmaceutical, Osaka, Japan). The quinolone resistance-determining
regions (QRDRs) of gyrase (gyr)A, gyrB, parC, and parE were amplified
and sequenced as described previously [20].

2.4. In vitro biofilm-formation assays
Biofilm formation was assessed by microtiter biofilm assay

(MBA). To compare NESp strains with encapsulated strains,
encapsulated strains were isolated from nasopharyngeal carriage
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and from otorrhea or middle-ear effusion with acute otitis media
(AOM). Isolates were precultured on TSA in 5% sheep blood at 37 °C
in 5% CO, for 24 h, followed by isolation of single colonies, which
were subcultured on the same medium. On the third day, cultures
were transferred to THYB overnight, and 5 pL of the bacterial so-
lution (ODggp = 0.15—0.65) was added to the wells of 96-well
polystyrene microplates (AS ONE Corporation, Osaka, Japan)
along with 200 uL THYB and incubated for 18 h at 37 °C under 5%
CO, overnight. Plates were washed three times with water, stained
with 100 pL of 0.5% crystal violet for 5 min, and washed another
three times. After drying, 200 pL of 95% ethanol was added to each
well, and absorbance at 570 nm was measured with Sunrise™
microplate reader (Tecan Japan Co. Ltd., Kanagawa, Japan). The
pspK-deletion mutant MNZ1131 (derived from wild-type MNZ11
and belonging to NCC1) served as a control [7,21].

2.5. Scanning electron microscopy (SEM)

The morphology of biofilms produced by strains 15P200 (NESp
strain) and 15P255 (serotype 24F) was examined by SEM, as pre-
viously described [22]. A1 x 1.5-cm polystyrene slide was placed in
a culture dish, and cells were cultured in THYB for 18 h at 37 °C in
5% CO,. Specimens were fixed with 2.5% glutaraldehyde, post-fixed
with 1% 0sO4, dehydrated with graded ethanol, and transferred
with t-butyl alcohol. The samples were freeze-dried with a VFD-21S
t-butyl alcohol freeze-drying apparatus (Vacuum Device Co. Ltd.,
Mito, Japan), coated with platinum-palladium with an E-102 ion
spatter (Hitachi High Technologies, Tokyo, Japan), and observed
under an S-3400 N scanning electron microscope (Hitachi High
Technologies, Tokyo, Japan) at 10 kV.

2.6. Statistical analysis

Statistical analysis was performed using JMP software (v7 for
Windows; https://www.jmp.com/en_us/home.html). The Mann-
Whitney U test was used to analyze differences among diagnostic
groups.

3. Results
3.1. S. pneumoniae strains

In total, 152 presumptive S. pneumoniae strains were detected in
the nasopharyngeal carriage isolates by optochin-susceptibility
testing. Twenty-one strains were nontypeable by slide agglutina-
tion and quellung reactions, and of these, 18 strains were positive
for lytA and the intracellular toxin ply expression and bile solubility,
indicative of S. pneumoniae. The remaining three strains were lytA-
negative, and one was also bile-insoluble and, therefore, not
S. pneumoniae and excluded from further analyses. All 18 non-
typeable strains were confirmed as S. pneumoniae according to
three rapid antigen-detection Kkits.

3.2. Analysis of capsule-phase variants and molecular typing

Table 1 shows the number of NESp strains among 149 isolates
based on the nursery school and survey year. Eighteen NESp
strains (12.0%) among 149 isolates were cpsA-negative, and all
NESp strains expressed pspK, which contained 11 to 33 repeats of
the a-helical repeat structure A(E)(E)EEA/TKR/QK that contained
the novel repeat regions AEEEEAKRK and AEEETKQK (Table 2).
GenBank accession numbers of each strain are shown in Table 2.
All NESp strains were negative for both aliC and aliD, and based on
this finding, all 18 strains were classified as NCC1. Additionally,
MLST analysis classified the isolates into six STs (Table 3). Five

Table 1
The number of nonencapsulated strains among 149 nasopharyngeal carriage isolates
of S. pneumoniae.

survey year Nursery school (nonencapsulated Total (%)
strains/total)
A B C D
2012.10-2013.3 0/2 0/0 0/1 0/5 0/8 (0.0)
2013.4-2014.3 3/11 3/21 0/18 0/21 6/71 (8.4)
2014.4—2015.3 0/12 2/12 4/10 6/36 12/70 (17.1)

18/149 (12.0)

strains were classified as either ST7502 or ST7786, whereas the
remaining 13 strains were classified into four new STs. ST11973,
ST11974, and ST11975 consisted of known allelic profiles, whereas
ST11976 contains the new allelic profile in aroE. ST7786, ST7502,
ST11975, and ST11976 belonged to clonal complex (CC) 7786, and
ST11974 belonged to CC1106. CC1106 strains registered in the
MLST database were all nontypeable or of serotype 14, whereas
ST11973 was a singleton. Fig. 1 shows the neighbor-joining tree
based on the pspk gene and the concatenation of seven selected
MLST fragments.

3.3. Antimicrobial-susceptibility testing and detection of drug-
resistance genes

Table 4 shows the results of antimicrobial-susceptibility testing
and drug-resistance genes, as well as MIC values for seven anti-
microbial agents. TFX is an oral fluoroquinolone released for chil-
dren in January 2010 in Japan. To determine MICs according to
antimicrobial-susceptibility testing by broth microdilution, strains
were cultured at 35 °C in ambient air, whereas strains 15P291,
15P292, and 15P293 were grown under 5% CO».

Four strains showed reduced susceptibility to PEN
(0.12—0.25 mg/L), and 11 strains showed resistance to CLR (>1 mg/
L). The MICs of IPM, TFX, and LVX for all strains each showed sus-
ceptibility at <0.06 mg/L, <0.12 mg/L, and <2 mg/L, respectively. All
strains possessed at least one mutation in a PBP, with PBP muta-
tions varying between STs. With respect to macrolide-resistant
gene expression, all strains were positive for erm(B), whereas
only the two ST7502 strains were mef(A)-positive. For quinolone
resistance, the QRDRs of DNA gyrase (gyrA and gyrB) and topo-
isomerase IV (parC and parE) were amplified and sequenced, with
multiple mutations detected. Six strains harbored a Lys137 — Asn
mutation in ParC, and 16 strains harbored an I1e460— Val muta-
tions in ParE. No strains harbored mutations in gyrA or gyrB, and no
strains harbored mutations in both the QRDRs of gyrA and parC
related to high levels of quinolone resistance.

3.4. In vitro biofilm formation

Biofilm formation by the NESp isolates was examined by MBA
(Fig. STA). The MBA value of MNZ1131 was high, similar to that for
other NESp strains. Fig. S1B shows encapsulated strains isolated
from nasopharyngeal carriage, and Fig. S1C shows encapsulated
strains isolated from otorrhea or middle-ear effusion with AOM.
Notably, NESp strains tended to be more effective in generating
biofilms than encapsulated strains, regardless of the source
(p < 0.001; Mann-Whitney U test) (Fig. 2).

3.5. Biofilm morphology analysis by SEM

We compared biofilm formation of the NESp strain with that of
the encapsulated strain. Fig. 3 shows SEM images of the various
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Strain bile solubility test lytA ply cpsA pspK aliC aliD repeat number of the a-helical repeat structure GenBank accession no.
15P223* + + + - + - - 11 LC258112
15P245* + + + - + - - 33 LC258113
15P246 + + + — + - - 11 LC258114
15P232 + + + - + - - 10 LC258115
15P235 + + + - + - - 10 LC258116
15P237 + + + — + - - 10 LC258117
15P286 -+ + + - + — - 9 LC258118
15P303 —+ + + — + - - 9 LC258119
15P281 + + + - + - - 9 LC258120
15P291 + + + - + — - 9 LC258121
15P292 + + + — + - - 9 LC258122
15P293 + + + - + - - 9 LC258123
15P192** + + + - + — - 30 LC258124
15P195*** —+ + + - + - - 28 LC258125
15P196 —+ + + — + - - 28 LC258126
15P200** + + + — + - - 27 LC258127
15P203*** + + + - + - - 28 LC258128
15P205 + + + — + - - 28 LC258129
*, ¥, " are isolated from the same child.
Table 3
Molecular typing of 18 nonencapsulated strains of S. pneumoniae.
Strain aroE gdh gki recP spi xpt ddl ST Nursery school Detected time
15P223* 8 29 9 15 77 155 31 7786 A 20134
15P245* 8 29 9 15 77 155 31 7786 A 2013.9
15P246 8 29 9 15 77 155 31 7786 A 2013.9
15P232 8 29 9 15 77 155 260 11975 B 2013.9
15P235 8 29 9 15 77 155 260 11975 B 2013.9
15P237 8 29 9 15 77 155 260 11975 B 2013.9
15P286 8 29 9 15 77 155 26 7502 B 2014.9
15P303 8 29 9 15 77 155 26 7502 B 2015.1
15P281 368 29 9 15 77 155 31 11976 C 2014.9
15P291 368 29 9 15 77 155 31 11976 C 2015.1
15P292 368 29 9 15 77 155 31 11976 C 2015.1
15P293 368 29 9 15 77 155 31 11976 C 2015.1
15P192** 1 5 4 29 2 3 50 11973 D 2015.1
15P195*** 8 29 41 15 17 12 31 11974 D 2015.1
15P196 8 29 41 15 17 12 31 11974 D 2015.1
15P200** 1 5 4 29 2 3 50 11973 D 2015.3
15P203*** 8 29 41 15 17 12 31 11974 D 2015.3
15P205 8 29 141 15 17 12 31 11974 D 2015.3
*, 7 are isolated from the same child.
15P281 B | 15P237 (ST11975) |
15P291 ||5P235 (ST11975)
15P292 15P232 (ST11975)
15P293 15P291 (ST11976)
15P223 15P292 (ST11976)
15P246 15P281 (ST11976)
16P286 15P293 (ST11976) CC 7786
15P303 15P223 (ST7786)
15P232 15P245 (ST7786)
4|15P235 15P246 (ST7786)
15P237 15P286 (ST7502)
16P245 16P303 (ST7502) -
| 16P192 15P195 (ST11974) ]
115p200 15P196 (ST11974) CC 1106
| 15P195 15P203 (ST11974)
15P196 15P205 (ST11974) .
4{ 15P203 | 15P192 (ST11973)
15P205 115P200 (sT11973)
"Go00s ' Soomo

Fig. 1. Neighbor-joining tree based on pspK fragments and the concatenation of seven selected MLST fragments. (A) Neighbor-joining tree based on pspK fragments. (B) Neighbor-
joining tree based on the concatenation of seven selected MLST fragments. The dendrogram shows the genetic relatedness among nonencapsulated strains.

biofilms. Interestingly, NESp strain 15P200 attached to the plate
and formed a chain and clump and clustered to form a bacterial
mass (Fig. 3A—C) along with mature biofilm formation (Fig. 3C).

Conversely, 15P255 (serotype 24F), a low-level MBA-encapsulated
strain (Fig. S1B), failed to form a biofilm and existed in single, in-
dependent, planktonic form (Fig. 3D and E).
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Table 4
Antimicrobial susceptibility testing and detection of drug-resistance genes.
Strain ST Mutation in PBP genes® Presence of Mutation in QRDR® MIC (mg/L)
macrolide
resistant genes”
erm(B) mef(A) ParC ParE GyrA GyrB PEN CTX IPM CLR CLI VAN TFX LVX
15P223* 7786  pbp2x + none 1460V none none <0.06 0.12 <0.06 0.25 <0.06 0.25 <012 1
15P245* 7786  pbp2x + — none [460V none none <0.06 0.12 <0.06 0.12 <0.06 0.25 <0.12 0.5
15P246 7786  pbp2x + none [460V none none <0.06 0.12 <0.06 0.12 <0.06 0.25 <0.12 0.5
15P232 11975 pbpla + 2x +2b + none [460V  none none <0.06 <006 <0.06 0.12 0.12 <0.12 <012 025
15P235 11975 pbpla + 2x + 2b + - none [460V none none <0.06 <0.06 <0.06 0.5 8 <0.12 <0.12 05
15P237 11975 pbpla + 2x + 2b + none [460V none none <0.06 <0.06 <0.06 <0.06 <0.06 <0.12 <0.12 1
15P286 7502 pbpla + 2x + 2b + none 1460V none none 0.25 0.12 <0.06 >8 >8 0.25 <0.12 1
15P303 7502 pbpla + 2x + 2b + none 1460V none none 0.12 0.12 <0.06 >8 >8 0.25 <012 1
15P281 11976 pbp2x + — none [460V none none <0.06 <0.06 <0.06 0.25 <0.06 0.25 <02 05
15P291¢ 11976 pbp2x + none 1460V none none <0.06 0.25 <0.06 >8 >8 0.25 <012 1
15P292¢ 11976 pbp2x + none 1460V none none <0.06 0.25 <0.06 >8 >8 0.50 <0.12 1
15P293¢ 11976 pbp2x + — none 1460V none none <0.06 0.12 <0.06 >8 >8 0.25 <012 1
15P192** 11973 pbp2x + K137 N none none none 0.25 0.25 <0.06 2 >8 0.25 <012 1
15P195*** 11974 pbp2x + 2b + K137 N 1460V none none <0.06 0.12 <0.06 >8 >8 0.25 <0.12 1
15P196 11974 pbp2x + 2b + - K137 N 1460V none none <0.06 0.25 <0.06 >8 >8 0.25 <012 1
15P200** 11973 pbp2x + - K137 N none none none 0.25 0.25 <0.06 1 >8 0.25 <012 1
15P203*** 11974 pbp2x + 2b + K137 N 1460V none none <0.06 0.25 <0.06 >8 >8 0.25 <012 1
15P205 11974 pbp2x + 2b + - K137 N 1460V none none <0.06 0.12 <0.06 8 >8 <0.12 <0.12 0.25

*, **, *** are isolated from the same child.

CLI, clindamycin; CLR, clarithromycin; CTX, cefotaxime; IPM, imipenem; LVX, levofloxacin; MIC, minimum inhibitory concentration; PBP, penicillin-binding protein; PEN,
penicillin G; QRDR, quinolone-resistance-determining region; ST, sequence type; TFX, tosufloxacin; VAN, vancomycin.

¢ Mutations in penicillin-binding protein genes (pbp1a, 2x, and 2b), the targets of the B-lactams.

b The presence of the mef(A) and erm(B) genes was associated with resistance to macrolides; -+, gene was detected; —, gene was not detected.

¢ The mutation in QRDR was associated with resistance to quinolones.

d Strains 15P291,15P292, and 15P293 were grown under 5% CO, because they could not grow under aerobic culture.
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Fig. 2. In vitro biofilm formation measured by a microtiter biofilm assay. Biofilm
productivities of NESp strains, encapsulated strains isolated from nasopharyngeal
carriage, and encapsulated strains isolated from otorrhea or middle-ear effusion with
acute otitis media. Boxplot shows median and 10th, 25th, 75th, and 90th percentiles.
Green lines show the average for each group. NESp strains tended to be more effective
in generating biofilms than encapsulated strains, regardless of the source (*p < 0.001).

4. Discussion

This is the first report of bacterial characterization of NESp
strains regarding their antibiotic susceptibility, possession of
drug-resistance genes, and biofilm productivity. Nontypeable
S. pneumoniae strains in AOM or carriage were reported from many

countries after the introduction of PCV, especially PCV13; however,
most reports identified nontypeable strains by the quellung reac-
tion, thereby making it unclear whether these strains were true
NESp. The prevalence of true NESp in the nasopharyngeal carriage
of children has increased relative to that of encapsulated strains
following the recent introduction of PCV in Portugal [4,23]. PspK-
positive NESp was recently isolated from sinus cultures from chil-
dren with chronic adenoiditis at adenoidectomy in the United
States [24]. These strains are also found throughout several Asian
countries and often isolated from the sputum, sinus aspirate, and
middle ear [9]. In Japan, the rate of IPD caused by NESp is low
(~0.2—0.3%) according to a population-based surveillance of pedi-
atric IPD [1]. On the other hand, NESp was responsible for 4.7% and
9.5% of AOM and acute rhinosinusitis cases by S. pneumoniae,
respectively [11]. Additionally, NESp was detected in 12.5% of
nasopharyngeal samples from healthy children [11].

Here, the rate of NESp was also 12.0% (18/149) among healthy
children in nursery school, which was consistent with previous
reports [11]. All strains were pspK-positive and classified as NCC1,
with the prevalence of these strains increasing annually in nursery
school. The evaluation was difficult because the number of speci-
mens was small in 2012, however, in 2013 and 2014, the total
detection rates and the number of nursery schools detected NESp
strains were clearly increased. There is a possibility that the prev-
alence of NESp strains is not only increasing in nursery schools but
also in the entire region, and there is concern that it will increase
further in the future. MLST analysis revealed that 5/18 (27.7%) of
isolates were classified as either ST7502 or ST7786, which were
previously reported in the Japanese MLST database [11]; however,
these STs have not been identified in studies from other countries
[7,9,24,25]. Notably, ST groupings tended to associate with specific
nursery schools, indicative of horizontal spread. Furthermore,
several strains were isolated from the same children at different
time points. These data suggested that NESp could be a carriage
occurring over several months.
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1

Fig. 3. Visualisation of biofilm morphology by SEM. (A—C) Strain 15P200 (NESp) was observed attaching to the plate and forming a chain and clump, and biofilms. The arrows show
the biofilm structure. (D, E) Strain 15P255 (serotype 24F) was not observed forming a biofilm, but rather existed as a single, independent, and planktonic entity. NESp, nonen-

capsulated S. pneumoniae; SEM, scanning electron microscopy.

Molecular analysis of pspK demonstrated that the number of
canonical repeat regions varied from 11 to 33 in our NESp isolates.
A(E)EEAKR/QK is an a-helical structure with a highly charged
LPXTG motif and a YPT motif that binds the human polymeric
immunoglobulin receptor, which is an established epithelial
pneumococcal receptor [7,26]. In the present study, several strains
contained AEEEEAKRK or AEEETKQK in novel repeat regions.
Previous reports, mostly from Asian countries, indicated that
strains often harbor from three to 38 repeats [7,9]. Interestingly,
repeat variation is also observed between isolates belonging to
the same ST, as well as between subsequent isolations from the
same child. It is likely that these children might be consistently
colonized, suggesting that this region is highly subject to genomic
insertions or deletions.

Antimicrobial susceptibilities of NESp in our study indicated
that all NESp isolates showed susceptibility to IPM and TEX; how-
ever, 22.2% (4/18) of the strains showed reduced susceptibility to
PEN (0.12—0.25 mg/L). Furthermore, all NESp strains possessed at
least one mutation in a PBP. Mutations in pbp1a, pbp2b, and pbp2x
play important roles in the development of resistance to PEN and
cephalosporin by S. pneumoniae. Specifically, this includes 9/18
(50.0%) strains harboring mutated pbp2x, 5/18 (27.8%) strains
harboring mutated pbp1a + pbp2x + pbp2b, and 4/18 (22.2%) strains
harboring mutated pbp2x + pbp2b. In terms of macrolide resis-
tance, 11/18 (61.1%) strains were clarithromycin-resistant (>1 mg/
L). Several strains were not grown in ambient air, therefore, these
strains were cultured under 5% CO,. A previous study showed that
the MICs of macrolides and ketolides for S. pneumoniae under CO,
tended to be 1- or 2-fold dilutions higher than those under ambient
air due to lower pH [27]. All strains were positive for the macrolide-
resistant erm(B) gene. In terms of quinolone resistance, 6/18 (33.3%)
strains harbored a Lys137 —Asn mutation in ParC, 16/18 (88.9%)
strains harbored an I[le460 — Val in ParE, and there were no strains
with mutations in GyrA or GyrB. Resistance to fluoroquinolones in
S. pneumoniae usually occurs by a stepwise process [28]. Low-level

quinolone resistance is caused by mutations in the QRDR of one of
the subunits, with resistance progressing to a high level via addi-
tional mutations in the QRDR of the second target. Mutations in
Ser81 in GyrA, Ser79 in ParC, or Asp83 in ParC are major mutations
previously reported in quinolone-resistant S. pneumoniae [29];
however, these mutations were not found in this study. Mutations
at Lys137 — Asn in ParC and Ile460 — Val in ParE are not known to
contribute to fluoroquinolone resistance generally, but there is a
report suggesting that the Lys137 — Asn mutation in ParC affects
the primary step in the development of high-level quinolone
resistance [30,31]. No strains found in this study harbored muta-
tions in both the QRDRs of gyrA and parC.

The prevalence of penicillin-resistant S. pneumoniae (PRSP)
strains, such as serotypes 6B and 19F, decreased after PCV7,
whereas serotypes 19A and 15A increased. After replacement with
PCV13, serotype 19A strains decreased, but increases were
observed in serotype 15A and 35B, which were not targeted by
PCV13 and became problematic as drug-resistant strains [1,32—34].
NESp is also capable of becoming a drug-resistant serotype;
therefore, it critical to continue monitoring drug susceptibility in
NESp strains.

Because of its simplicity, requiring the use of basic laboratory
materials, the microtiter plate assay is widely used as the method
for studying biofilm formation. This assay tests the ability of bac-
teria to adhere to the plastic surface of a microtiter plate; crystal
violet is used to stain the biofilm. Findings made by using microtiter
plate assays should be confirmed by microscopy or another
method. SEM is frequently used to observe the detailed structure of
biofilms at the nanometer-scale level, but live biofilms cannot be
observed by SEM. Biofilm observation methods employing fluo-
rescent imaging methods that use confocal laser scanning micro-
scopy and fluorescent protein expression systems have become the
mainstream in biofilm studies for real time imaging of biofilms [35].

There are few studies regarding S. pneumoniae biofilm forma-
tion [36—38]; however, biofilm production in NESp strains has not
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been investigated previously. The presence of capsules hinders
biofilm development [37]. Consistently, nontypeable Haemophilus
influenzae strains were more effective at generating biofilms than
their encapsulated type b counterparts [39]. In the present study,
NESp strains were more effective at forming biofilms than
encapsulated strains, independent of the isolation source (e.g.,
carriage or AOM). Moreover, MBA analysis of MNZ1131 (ApspK)
suggested that the presence of pspK did not affect the MBA, which
can be an issue with encapsulated stains. Furthermore, SEM im-
aging revealed an obvious difference in the biofilms produced by
NESp versus capsulated strain. Biofilms prevent neutrophil
phagocytosis, inhibit the efficacy of antimicrobial agents, and lead
to refractory infection. NESp represent a potential causative agents
of chronic/recurrent otitis media, as shown using the chinchilla
model [40]; therefore, biofilm production by NESp might relate to
chronic/recurrent otitis media.

There are several limitations of this study. First, the NESp strains
were isolated from the nasopharyngeal carriage of healthy children
and not patients with infections; therefore, the characterized
strains might not be clinically relevant. Additionally, samples were
collected from a limited area, irrespective of population, which
might limit their widespread application. Furthermore, the path-
ogenicity of the strains such as complement sensitivity was not
evaluated. Further studies are needed in order to reveal the path-
ogenicity of NESp.

In conclusion, our study identified that the rate of NESp from
nasopharyngeal carriage in healthy children was >10%. Many NESp
strains were detected as drug resistant through the presence of
genetic mutations, and biofilm production was substantially
greater than that observed in encapsulated strains. These results
suggested that infections due to NESp might represent an impor-
tant clinical issue in the near future. Therefore, monitoring and
investigation of the pathogenicity and drug sensitivity of NESp are
extremely important for the development of treatment and pre-
vention strategies.
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