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Abstract

Background Streptococcus pneumoniae remains a leading cause of morbidity and mortality worldwide. In this study,
we sought to analyze serotype distributions, antibiotic resistance, and genetic relationships of 106 clinical invasive
pneumococcal isolates recovered in Tunisia between 2012 and 2018, prior to the routine use of pneumococcal conju-
gate vaccines (PCV).

Methods We used multiplex PCR, the disk diffusion method and/or E-test, and multi-locus sequence typing (MLST).

Results The most frequent serotypes were 14 (17%), 19F (14.2%), and 3 (11.3%). Of the 106 S. pneumoniae isolates,
67.9% were penicillin non-susceptible (29.4% were resistant), 45.3% were amoxicillin non-susceptible (17% were resist-
ant), and 16% were cefotaxime non-susceptible. For antibiotics other than 3-lactams, resistance rates to erythromycin,
tetracycline, cotrimoxazole, and chloramphenicol were 62.3, 33, 22.6, and 4.7%, respectively. Two isolates were non-
susceptible to levofloxacin. Among 66 erythromycin-resistant pneumococci, 77.3% exhibited the cMLSB phenotype,
and 87.9% carried ermB gene. All tetracycline-resistant strains harbored the tetM gene. The potential coverage by 7-,
10-, and 13-valent pneumococcal conjugate vaccines were 55.7, 57.5, and 81.1%, respectively. A multilocus sequence
typing analysis revealed great diversity. Fifty different sequence types (STs) were identified. These STs were assigned to
10 clonal complexes and 32 singletons. The most common STs were 179, 2918, 386, and 3772 - related mainly to 19F,
14, 6B/C, and 19A serotypes, respectively.

Conclusions This study demonstrated that the majority of the serotypes of invasive pneumococci in the Tunisian
population were 14, 19F, and 3. Moreover, we noted a high degree of genetic diversity among invasive S. pneumoniae
isolates. The highest proportions of antibiotic non-susceptible isolates were for penicillin, erythromycin, and tetracy-
cline. Further molecular characteristics are required to monitor the genetic variations and to follow the emergence of
resistant pneumococci for the post-vaccination era in Tunisia.
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Introduction

Streptococcus pneumoniae (S. pneumoniae) is an
important pathogen causing invasive diseases such
as sepsis, meningitis, and pneumonia worldwide and
contributing to significant morbidity and mortality,
particularly in young children and the elderly [1, 2]. In
2010, The European Surveillance System reported an
overall incidence of 5.2 cases of invasive pneumococ-
cal disease (IPD) per 100,000 population, with the most
affected age groups being < 1 year and > 65 years old [3].
Antibiotics and vaccines are strategies currently avail-
able to fight against pneumococcal infections and to
prevent them. However, since the late 1970s, S. pneu-
moniae resistant to penicillin and other antibiotics,
such as macrolides, has emerged and rapidly increased
worldwide, mostly related to the misuse of these drugs
in respiratory infections [4—6]. Based on capsular pol-
ysaccharide composition, almost 100 serotypes of S.
pneumoniae have been identified [7]. However, some
serotypes are associated with IPD [1, 8—11]. Moreover,
vaccine serotypes, such as 6B, 9V, 14, 19A, 19F, and
23F, are more likely than others to be resistant to anti-
microbials [9, 12]. In Tunisia, the highest prevalence of
non-susceptible S. pneumoniae was reported for peni-
cillin and macrolide [13-16]. Pneumococcal conjugate
vaccines (PCVs) remain the most effective strategies to
reduce invasive pneumococcal infections [17, 18]. Since
April 2019, PCV10 has been incorporated into the
national immunization program for childhood vaccina-
tion. Despite the availability of PCVs in several coun-
tries around the world, the reduction in PCV-type IPD
has been offset by the expansion of non-vaccine sero-
types. The replacement of vaccines with non-vaccine
serotypes is mostly associated with the emergence of
multidrug-resistant serotypes [9, 12].

To monitor the epidemiology of S. pneumoniae, sev-
eral molecular typing methods were developed [19]. Of
these, multilocus sequence typing (MLST) can provide
good resolving and discriminatory power that can be
used for local and global epidemiology [19]. MLST might
provide important information on evolutionary changes,
such as the expansion of existing serotypes or clones, the
emergence of new clones, or capsular switching. MLST
remains a very useful molecular method to oversee the
spread of national and international clones through the
pneumococcal population. Based on MLST, Pneumococ-
cal Molecular Epidemiology Network (PMEN) published
43 international clones of S. pneumoniae associated par-
ticularly with the most common resistant serotypes,
namely 6A, 6B, 14, 15A, 19A, 19F, 23F, and 35B. Despite
the expensive cost of the MLST method, this technique
makes it possible to share data, and the allelic profiles can
easily be compared to those available in MLST Database.
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In the present study, we sought to investigate the anti-
biotic resistance pattern, capsular types, and molecu-
lar characterization of invasive S. pneumoniae isolates
in Sfax, the south of Tunisia, over a seven-year period
(2012- 2018).

Materials and methods

Bacterial isolates

We reported a retrospective study including a total of
106 clinical invasive S. pneumoniae isolates collected
between 2012 and 2018 at the microbiology laboratory
of Habib Bourguiba University Hospital, Sfax, Tunisia.
These isolates were identified by standard procedures,
including Gram staining, optochin sensitivity, and bile
solubility tests. All isolates were ¢psA gene positive by
PCR amplification.

Antibiotic susceptibility testing

Antimicrobial susceptibility testing was performed using
the antibiogram method on 5% horse blood-enriched
Mueller-Hinton agar according to the standardization
technique of the Antibiogram Committee of the French
Society for Microbiology and the European Commit-
tee on Antimicrobial Susceptibility Testing (CA-SFM/
EUCAST, 2018). All isolates were tested for penicillin,
amoxicillin, cefotaxime, tetracycline, chloramphenicol,
erythromycin, lincomycin, levofloxacin, rifampicin, tri-
methoprim-sulfamethoxazole, vancomycin, and teico-
planin. Minimum inhibitory concentrations (MICs) of
penicillin, amoxicillin, cefotaxime, and levofloxacin were
determined by the E-test method. CA-SFM/EUCAST,
2018 breakpoints were applied for all isolates. Oxacillin
(1 pg) disk diffusion testing was performed for the predic-
tion of penicillin-resistant pneumococci [20]. The dou-
ble disk diffusion method with erythromycin (15 pg) and
clindamycin (2 pg) disks were used to differentiate consti-
tutive and inducible macrolide resistance phenotype [21].
An internal quality control was performed using S. prneu-
moniae ATCC49619.

Detection of resistance genes

The PCR assays were used to detect erythromycin and
tetracycline genes including ermB, mef A/E, tetM, tetO,
and transposon-related genes [22—25]. The PCR primers
used are shown in Table 1. To distinguish the mefA and
mefE gene subclasses, the PCR products of the mef gene
were digested with BamHI and Nhel, instead of Dral [23].

Capsular typing

Capsular typing was performed with a combination
of multiplex PCRs targeting serotypes/serogroups as
described previously [15, 26]. Next, depending on the
amplification pattern obtained, a simplex PCR reaction
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Table 1 The primer sets used to detect erythromycin and
tetracycline genes

Target Primer sequence Reference

ermB 5'-GAAAAAGTACTCAACCAAATA-3 [22]
5'-AGTAATGGTACTTAAATTGTTTAC-3’

mefA/E 5'-GCGTTTAAGATAAGCTGGCA-3’ [23]
5'-CCTGCACCATTTGCTCCTAC-3’

tetM 5'-AGTTTTAGCTCATGTTGATG-3' [24]
5'-TCCGACTATTTGGACGACGG-3’

tetO 5'-ACGGARAGTTTATTGTATACC-3’ [25]

5'-TGGCGTATCTATAATGTTGAC-3’

was performed for each serotype. Strains that could not
be serotyped by multiplex PCR reaction were serotyped
using a conventional PCR targeting other serotypes with
primers as described previously [27]. One representative
of each serotype was confirmed by sequence analysis.
Isolates determined as 6A/B or 9V/A (vaccine serotypes)
by the multiplex PCR method were typed to the sero-
type level using pneumococcal capsule-specific antisera
(ImmuLex" Pneumotest).

Multilocus sequence typing (MLST)

Seven housekeeping genes (aroE, gdh, gki, recP, spi, xpt,
and ddl) were amplified, sequenced, and analyzed. Alleles
and sequence types (STs) were determined according
to the PubMLST database (https://pubmlst.org/spneu
moniae/). Sequences and STs that could not be found in
the database were submitted to the curator of the data-
base. STs were compared with the contents of the PMEN
database (https://www.pneumogen.net/pmen/index.html)
to identify commonly circulating clones. STs that shared
at least six of seven allelic variants composed clonal com-
plexes (CC) or groups. We confirmed the occurrence of
serotype switching events when isolates sharing the same
ST belonged to different serotypes. A minimum spanning
tree (MST) based on MLST was built using PHYLOVIZ
2.0 [28].

Statistical analysis and diversity power

Statistical comparisons were made using the Chi-square
test or Fisher’s exact test. SPSS version 17.0 (SPSS Inc.,
Chicago, IL, USA) was used for the statistical analy-
ses. P-values of <0.05 were considered to be statistically
significant.

The discriminatory power of the MLST subtyping
method was calculated using Simpson’s diversity index
(SID) with the online tool available at http://www.compa
ringpartitions.info.
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Results

Bacterial collection

The 106 invasive S. pneumoniae isolates collected
between 2012 and 2018 were recovered from blood cul-
tures (53.8%), cerebrospinal fluid (CSF, 29.2%), puncture
fluid (9.4%), deep pus and abscesses (3.8% for each). CSF
samples accounted for 42.5% (17/40) in children <5years,
of whom 16 (40%) were<2years, 55.5% (5/9) in older
children 5-17 years, and 17.6% (9/51) in adults >18years.

Antimicrobial susceptibility and resistance genes

Of the 106 invasive isolates, 72 (67.9%) were penicillin
non-susceptible. For meningococcal isolates, and based
on meningitis breakpoints, 67.7% of isolates (21/31) had
MICs greater than 0.06 mg/mL for penicillin, 41.9% of
isolates (#=13) were amoxicillin resistant with MICs
greater than 0.5mg/ml, 16.1% were non-susceptible to
cefotaxime, and all isolates were susceptible to levo-
floxacin. For non-meningococcal isolates, and consider-
ing non-meningitis breakpoints, 68% of these isolates
were penicillin non-susceptible with 19.6% of a high
level of resistance (MIC=3-12pg/ml), 45.3 and 16% of
isolates were non-susceptible to amoxicillin and cefo-
taxime, respectively, and two isolates were non-suscep-
tible to levofloxacin (MIC=1-4pug/ml). A high level of
resistance to amoxicillin was observed in 8% of isolates
(MIC =3-6 pug/ml).

For other tested antibiotics, resistance to erythromy-
cin, tetracycline, cotrimoxazole, and chloramphenicol
showed fewer frequencies in isolates from meningi-
tis (54.8, 29, 9.7and 3.2%, respectively) than in isolates
from non-meningitis infections (65.3, 34.7, 28 and 5.3%,
respectively). All tetracycline-resistant isolates were tetM
gene positive. Analyses of erythromycin-resistant inva-
sive strains revealed that 89.4% of isolates were macrolide
lincosamide-streptogramin B (MLSB) resistance pheno-
type with a predominance of high-level MLSB constitu-
tive phenotype (77.3%). These isolates harbored the ermB
gene alone. Macrolide (M) resistance phenotype was
observed in 10.6% of isolates and harbored the mef gene
alone. All mef-positive isolates carried the mefE gene. The
association of ermB and mefE genes has been identified
only in one isolate (Table 2). The major transposon car-
rying the erythromycin and tetracycline resistance genes
was Tn1545 (76.6%) followed by Tn2009 (10.9%), Tn6002
(7.8%), Tn6003 (3.1%), and Tn2010 (1.6%) (Table 2).

Serotype distribution and vaccine coverage rates

We identified 23 different serotypes for 106 invasive
S. pneumoniae isolates. The most common serotypes
were 14 (17%), 19F (14.1%), 3 (11.3%), 6B and 6A (7.6%
for each), 18C and 9V (5.7% for each), 19A (4.7%), 23F
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(3.8%), and 35B, 9A, and 9N (2.8% for each) (Table 2,
Fig. 1). Serotypes 19F (22.6%), 14 (16.1%), 18C (9.7%),
9V (9.7%), 6B (6.5%), and 6A (6.5%) were the most
common in meningitis cases. Serotypes 14 (17.3%), 3
(16%), 19F (10.7%), 6B (8%), 6A (6.7%), and 19A (6.7%)
were the most frequent serotypes in non-meningitis
cases, particularly in bacteremia (Fig. 2). Potential
immunization coverage rates for pneumococcal con-
jugate vaccines PCV7, PCV10, and PCV13 were 55.7,
57.5, and 81.1%, respectively.

Stratifying our population by age groups showed
that PCV10 and PCV13 coverage was 77.5 and 95%
among children <5vyears old, respectively; 66.6 and
88.9% among older children, 5-17years, respectively;

18.0%
16.0%
14.0%
12.0%
10.0%

8.0%

6.0%

% of isolates

4.0%
2.0%
0.0%
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and 43.13 and 70.6% among those >18years of age,
respectively.

Multilocus sequence typing (MLST)

The 106 invasive pneumococcal disease (IPD) isolates
included 50 STs (SID=0.965, 95% CI=0.949-0.981). Of
these, 18 STs were associated with more than one isolate,
and 32 STs were identified with one single isolate. The
most frequent STs were ST179 (n=13), ST2918 (n=11),
ST386 (n=6), and ST3772 (n=5). We recognized ten
STs that were detected for the first time (ST16103,
ST16104, ST16105, ST16106, ST16168, ST16235,
ST16415, ST17442, ST17458, and ST17380) (Table 2,
Fig. 3). We note a significant association of sequence

14 19F 3 6B 6A 18C 9V 19A 23F 35B SA SN 17F 4 16F 1 35F 24F 7C 13 7F 6C 34

Serotypes

Fig. 1 Serotype distribution of invasive S. pneumoniae isolates

25,0%

20,0%

15,0%

10,0%

5,0%

0,0%

B CSF ® Non CSF

19F 14 18C 9V 6B 23F 4 6A 3 19A 1 7F 7C 35F 34 9N 16F 35B 13 9A 17F 24F 6C
Fig. 2 Serotype distribution between meningitis and non-meningitis invasive pneumococcal Disease
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Fig. 3 Minimal spanning4 tree of MLST for invasive S. pneumoniae iso lates over the 7 —year period. Each circle represents an ST. The area of each
circle corresponds to the number of isolates. The numbering shown between the connected nodes indicates the number of loci between the MLST

profiles

type distribution with the capsular type (P=0.001); as
ST179-19F, ST2918-14, ST3772-19A, and ST386- 6B/C
(Table 2).

A total of 46 invasive isolates were indistinguish-
able from or had a single locus variant (SLV) compared
to seven international clones recognized by the Pneu-
mococcal Molecular Epidemiology Network (PMEN;
http://www.pneumogen.net/pmen/). Serotype switching
events were detected in three groups ST156 (9V and 14),
ST280 (9V and 18C), and ST386 (6B and 6C).

Discussion

S. pneumoniae remains one of the major human patho-
gens, which can cause various diseases. In developing
countries, case fatality rates for invasive pneumococ-
cal diseases remain high, reaching up to 20% for sepsis
and 50% for meningitis [2]. In our study, 53.8 and 29.2%
of invasive S. pneumoniae isolates were from blood and
cerebrospinal fluid, respectively. The most common sero-
types were 14, 19F, 3, 6A, 6B, 18C, 19A, 9V, and 23F,

accounting for 77.4% of all isolates. Our findings show
that S. pneumoniae serotypes 19A and 3 that cause IPD
were in non-meningitis cases. Serotype 19A was more
frequently reported in non-meningitis cases than men-
ingitis [29]. Nevertheless, serotype 3 was observed with
or without meningitis [3]. The frequencies of serotypes
included in PCV7 (55.7%), PCV10 (57.5%), and PCV13
(81.1%) suggest that the 13-valent PCV would be a poten-
tially useful vaccine in Tunisia. In several European coun-
tries, before vaccine implementation, the most common
serotypes causing invasive pneumococcal diseases were
14, 6B, 19F, and 23F. However, since the introduction of
PCV7, serotypes 1, 3, 6A, 7F, and 19A have become the
leading cause among the IPD isolates [8]. Our finding
was consistent with data previously reported from stud-
ies in Singapore, South Korea, and China that showed an
increase in serotype 19A among IPD children before the
introduction of PCV7 [30-32].

Genotyping data using MLST showed high diver-
sity among our isolates. Of 50 different STs, ten clonal
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complexes and 32 singletons were identified. A total
of 43.4% of invasive isolates were closely related to
seven of the 43 PMEN clones. These clones were
Spain®¥-3-ST156 (n=16), Portugal'®*-21-ST177 (n=13),
Netherlands®-31-ST180 (#=4), Spain®*f-1-ST81 (n=4),
Sweden'®*-25-ST63 (n=4), Utah®*»-24-ST377 (n=3),
Colombia®**-26-ST338 (n=1), and Sweeden*-38-ST205
(n=1). As reported previously, we showed high correla-
tions between serotypes and STs (P<0.001). The domi-
nant STs, ST179 (14.3%), ST2918 (12.1%), ST386 (5.5%),
ST3772 (5.5%), and ST180 (4.4%) were related to serotypes
19E, 14, 6B, 19A and 3, respectively. It is noticeable that
serotypes 14 and 9V were included in the Spain®'-ST156
clone, which has been one of the most successful pneu-
mococcal clones disseminated worldwide before the
introduction of PCV-7 [33].

As observed in some countries in the pre-PCV era,
the 19A serotype was identified in our population.
Nevertheless, the emergence of the 19A serotype was
observed worldwide in the post-PCV7 era, particu-
larly in North America and many Asian countries.
Mahjoub-Messai reported a clonal expansion of the
preexisting penicillin-intermediate ST276 in sero-
type 19A isolates collected before and after beginning
PCV7 vaccination in French children [34]. In Nor-
way, ST3772 and ST276 were detected in 2009, after
the introduction of PCV7. ST3772 and ST276 differed
only by one locus, ddl. ST276 a single-locus variant
of the Denmark!*-32-ST230 clone has been identified
in the United States and in southern Europe [35, 36].
Of note that S. pneumonia 19A isolates were geneti-
cally homogenous and assigned to ST3772. The homo-
geneous genetic background of 19A and 19F has been
reported in the study from multicenter surveillance in
China between 2005 and 2011 [31].

We reported for the first time a 6A serotype with
ST2105, which was SLV of Sweden!®*-25. Based on the
PubMLST database, ST2105 was previously reported
only in 15A and 19F serotypes.

Among eight isolates of serotype 6B S. pneumoniae,
five belonged to ST386, which has already been described
as related to the serotype 6B genetic background of the
international Poland®®-ST315 clone. In addition, we note
that the erythromycin-resistant serotype 6C S. pneumo-
niae isolate was ST386. The presence of serotypes 6B and
6C for ST386 suggest a potential capsular switch event.
Janoir et al. (2014) reported a clonal expansion of mac-
rolide-resistant ST386 within pneumococcal serotype 6C
in France [37]. In addition, ST386 showed dramatically
increased from 5% of all STs in the early PCV7 period to
77% during the PCV13 period (2010-2011). The emer-
gence of serotype 6C-CC386 lineage was also reported in
Brazil after the universal use of PCV [38].
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Isolates of serotype 6A were more genetically diverse
compared to the other serotypes and were associated
with distinct STs including two novel STs. The same
diversity was reported by Nurse-Lucas et al. (2016) for
the serotypes 19F and 23F [10]. However, our findings
showed that 19F and 23F serotypes were allied to three
and two STs, respectively.

The sequence types ST179, ST3772, and ST2918 were
most frequently associated with erythromycin resistance
in Tunisia [39]. Reinert et al. (2005) reported the distri-
bution of sequence types among 82 macrolide-resistant
pneumococcal isolates from 11 centers in seven Euro-
pean countries. Twenty-three different MLST types were
determined including 19 known STs [40]. Four major
antimicrobial-resistant Spanish clones of S. pneumo-
niae were identified, including Spain®*f-1 and Spain®¥-3.
These clones were described in the early 1980s, and they
were the most widespread clones in the world. The clone
Spain®¥-3-ST156 and the ST143 appear to be responsi-
ble for the increase in antibiotic resistance observed in
2002 in Poland [41]. The Spain®"-ST156 clonal complex
was the most prevalent clone in invasive penicillin-non-
susceptible S. pneumoniae isolates recovered in Poland
between 2003 and 2005. In addition, macrolide resist-
ance in France is caused particularly by common ST,
ST81, and ST143 [33, 40]. Neves et al. (2018) reported
that the serotype 14 variant of ST156 was predominant
in the pre-PCV10/13 period, but it was not detected
in the post-PCV10/13 period [38]. In our study, three
sequence types have been identified for serotype 14S.
pneumoniae isolates: ST2918, ST143, and ST4949. All
these STs are related as single or double locus vari-
ants of ST156 and ST838. It is noticeable that ST2918
is rarely described in the world; only two serotype 14.S.
pneumoniae isolates with ST2918 have been deposited
so far on the PubMLST public databases. Recently, Vin-
cent et al. (2019) reported two original cases of neonatal
serotype 14:S. pneumoniae isolates belonging to ST2918
[42]. Over the past three decades, the prevalence of S.
pneumoniae with reduced susceptibility to penicillin
has increased substantially worldwide. Our results show
that penicillin resistance is associated with serotypes 14,
19F, 19A, 9A, and 9V. High doses of -lactams or treat-
ment with macrolides are used as alternative approaches
to overcome these PNSPs. Unfortunately, the extensive
use of macrolide may be linked to increasing macrolide
resistance in many countries [5, 6, 43]. In Tunisia, resist-
ance to macrolides was very high with a rate of around
70% [13, 15, 16, 39]. In our study, resistance rates to the
tested antibiotics of invasive pneumococcal isolates were
high, especially for erythromycin (62.3%) and tetracy-
cline (33%). Erythromycin resistance is linked to sero-
types 6A and 6B. Recently, analyses of data from 559
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epidemiological studies across 104 countries revealed
the greatest prevalence of non-susceptibility and resist-
ance for penicillin, macrolides, third-generation cepha-
losporins, and tetracycline in southeast Asia, east Asia,
and Oceania. The high rate of non-susceptibility of mac-
rolides was also reported in high-income Asia-Pacific
countries [44].

In our study, the mechanism of resistance to mac-
rolides showed that the enzymatic modification of the
MLS binding site was predominant. We noted that 89.4%
of the isolates were MLSB phenotype while the efflux
mechanism was only 10.6%. Our outcome also confirmed
that the majority of isolates (77.3%) exhibited cMLSB
phenotype, with iMLSB and M phenotypes observed in
12.1 and 10.6% of the isolates, respectively. cMLSB phe-
notype is predominant in most European countries and
particularly in France, Spain, and Switzerland, whereas
the M phenotype predominates in North America, Eng-
land, and Germany [36]. According to recent studies,
the cMLSB phenotype was the most frequent in Tunisia
(75.5%) [45]. The macrolide-resistant phenotypes were
genotypically confirmed by the presence of ermB (87.5%)
and mefE (10.9%) genes. The high prevalence of the
ermB gene has also been described in France (90%) and
in Belgium (91.5%). In contrast, in the United States and
Canada, the mef gene was the most prevalent, exceed-
ing 50% [46]. The widespread dissemination of antibiotic
resistance among pneumococci is associated with mobile
genetic elements, such as transposons. In our study, the
transposon Tn1545 is responsible for the propagation of
most resistance to tetracycline and erythromycin (76.6%).

In conclusion, the common serotypes of invasive S.
pneumoniae were 14, 19F, and 3 before the introduc-
tion of PCV-10 in the national immunization program
in April 2019. The most common serotypes in menin-
gitis cases were 19F, 14, 18C, 9V, 6B, and 6A. For non-
meningitis cases, the most frequent serotypes were
14, 3, 19F, 6B, 6A, and 19A. We showed high rates of
non-susceptible isolates for penicillin, erythromycin,
and tetracycline in the pre-PCV period. Thus, 87.9% of
macrolide-resistant invasive isolates harbored the ermB
gene. Population structure analysis showed that most
serotypes (19F, 14, 6B, 19A, and 23F) are grouped in dif-
ferent clones and CCs as previously described in Tunisia
and in European areas, such as Italy, Spain, France, and
Poland. The capsular switching event was infrequent in
invasive isolates, and it played a minor role in this popu-
lation. However, this event may be an important source
of new variants that may increase in the post-PCVs
period. To better evaluate the genetic evolution and
to monitor the antimicrobial-resistant and expanding
clones, whole genome sequencing will be a necessary
tool to use in future studies.
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