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‘real-time gPCR System (Fluidigm)
for the detection of nasopharyngeal
e bacterial pathogens and
et Streptococcus pneumoniae typing
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. Traditional qPCR assays for pneumococcal detection and serotype characterization require large sample

. volume, is expensive and labor intensive. We aimed to develop a quantitative nanofluidic Fluidigm assay

© to overcome some of these shortcomings. A quantitative Fluidigm assay was established to detect 11
bacterial pathogens, 55 pneumococcal serotypes and 6 serotypes of H. influenzae. The Fluidigm assay
results were compared to conventional qPCR and culture. All reactions in the Fluidigm assay effectively
amplified their respective targets with high sensitivity and specificity compared to qPCR. There was
excellent concordance between qPCR and Fluidigm for detection of carriage prevalence (kappa > 0.75)
and density (Rho > 0.95). Fluidigm identified an additional 7 (4.2%) serotypes over those detected by
gPCR. There was a modest concordance between culture and Fluidigm for the majority of reactions
detecting S. pneumoniae serotypes/serogroups (kappa > 0.6), with Fluidigm identifying an additional
113 (39.1%) serotypes. Discordant results between the three methods were associated with a low
carriage density. The Fluidigm assay was able to detect common pneumococcal serotypes, H. influenzae
serotypes, and other common nasopharyngeal bacterial organisms simultaneously. Deployment of this
assay in epidemiological studies could provide better insight into the effect of PCV immunization on the
nasopharyngeal microbiota in the community.

. The human nasopharynx is a common ecological niche for several respiratory pathogens including Streptococcus
. pneumoniae, Staphylococcus aureus, Moraxella catarrhalis, and Haemophilus influenzae'. There is a paucity of data
. and conflicting findings on the interactions between these bacteria in the human nasopharynx*=. Furthermore,
. most nasopharyngeal colonization studies have used non-quantitate culture based methods, with a lack of quanti-
© tative data available to assist in understanding the dynamics of interaction of these bacteria in the nasopharynx’=.
: Recently, molecular quantitative PCR-based methods have been developed, which has assisted our understanding
. of bacterial nasopharyngeal colonization and its relationship to disease’~'2. Serotyping of pneumococci by qPCR,
. however, has several shortcomings including large sample volumes needed to distribute across all reactions and
. itbeing labor intensive'.
Fluidigm is a nanofluidic automated real-time PCR system that relies on microfluidic technology in which
dynamic arrays of integrated fluidic circuits (IFCs) are used. These IFC’s contain thousands of controlled valves
and interconnected channels in which molecules of biological samples and reagents can be automatically mixed
. in a variety of patterns. The instrument uses an array of non-fluidic chips called dynamic arrays for qPCR, in
: which a typical chip format allows for 9 216 PCR reactions (96.96 chip format; 96 samples x 96 assays) in a single
© qPCR run (www.fluidigm.co.za)'®. Other advantages of Fluidigm over standard qPCR include a larger number

of reactions per plate, making it more cost-effective and less time-consuming. Further, IFCs not only reduce
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Figure 1. Prevalence of nasopharyngeal (NP) bacterial colonization in PCV-vaccinated, HIV-uninfected
children as measured by culture, qQPCR and Fluidigm. P-values of <0.05 was considered significant as
determined by McNemar's test.

S. pneumoniae 244(72.8) 246(73.4) 0.16 0.98 98.8 100
H. influenzae 230(68.7) | 232(69.3) |0.32 0.97 98.7 99

M. catarrhalis 189(56.4) | 192(57.3) |0.08 0.98 98.4 100
S. aureus 57(17) 55(16.4) 0.16 0.98 100 99.3
S. pyogenes 11(3.3) 12(3.6) 0.32 0.96 91.7 100
N. meningitidis 3(0.9) 5(1.5) 0.16 0.75 91.7 100

Table 1. Concordance between qPCR and Fluidigm for the detection of common nasopharyngeal pathogens in
PCV-vaccinated, HIV-uninfected children.

the reaction volume from 10 pL-20 uL down to 10 nL scale, but the technology allows for validations as well as
increased throughput of qPCR reactions>.

We aimed to develop a novel nanofluidic real-time PCR (Fluidigm) assay that simultaneously detected and
quantified 11 bacterial pathogens in 96 different samples (92 samples and 4 controls) in a single run. The assay
included serotyping for 55 pneumococcal serotypes (16 individual serotypes and 39 serotypes in 13 groups)
and six H. influenzae (serotypes a-f) serotypes. We compared the results of the Fluidigm assay to that of tradi-
tional qPCR for detection of bacterial colonization and pneumococcal serotyping in a cohort of PCV-vaccinated
African children. Our previous work had compared qPCR to standard culture methods for 46 pneumococcal
serotypes (14 individual serotypes and 32 serotypes among 10 serogroups) and 6 bacterial pathogens in a different
cohort of children'. In these analyses, we expand on the latter by comparing the results from the Fluidigm assay
to culture and qPCR.

Results

From the initial 407 nasopharyngeal swab samples collected at the two study visits, 335 (82.3%) were available for
subsequent molecular nanofluidic qPCR (Fluidigm) analysis (Supplementary Fig. 1). Of these available samples,
83.4% were Black-African and 49.1% were male. Data from the two study visits were combined for the main anal-
ysis as findings from both 9 and 16 months of age were similar.

Performance of the Fluidigm.  All reactions were effective in amplifying their respective targets with high
sensitivity and specificity in the Biomark HD system (Fluidigm), with the efficiency of the reactions ranging
from 89% to 105% (Supplementary Table 1). Within the linear dynamic range, the correlation coeflicients (r?) of
the reactions were 0.99, except for reactions detecting H. influenzae E, 1S481 (B. pertussis and B. holmesii) and S.
pneumoniae serotype 19A, were r?> was 0.98 (Supplementary Table 1). The limit of detection (LLD) for most of
the reactions were equivalent >10 copies, with exception to primer/probes that detected H. influenzae serotype
E, IS481 (B. pertussis and B. holmesii) and pneumococcal serotypes/serogroups 5, 6A/B/C/D, 6C/D, 13 and 21, in
which the LLD was 10 fold less (>>100 copies). Further, no cross-reactivity occurred, with all primer and probes
being specific for their respective target. Lastly, for all respective reactions, the intra- and inter-assay variation was
<0.1, while the accuracy was within 0.1 (Supplementary Table 1).

Detection of bacterial nasopharyngeal carriage by qPCR and Fluidigm. There was excellent
concordance between qPCR and Fluidigm for the detection of S. pneumoniae (Kappa=0.98), H. influenzae
(Kappa=0.97), M. catarrhalis (Kappa=0.98), S. aureus (Kappa=0.98) and S. pyogenes (Kappa=0.96); and a
high concordance between qPCR and Fluidigm for the detection of N. meningitides (Kappa=0.75; Fig. 1, Table 1).
All additional bacteria detected by either qPCR or Fluidigm had estimated copy numbers of <102 colony forming
units (CFU)/ml per swab (Fig. 2) and thus discordance between the methods was strongly associated with the
density of carriage. The sensitivity and specificity of the Fluidigm method compared to conventional qPCR were
high with all reactions having a sensitivity >92% and a specificity of >99% (Table 1).
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Figure 2. Density of colonization by common nasopharyngeal bacterial pathogens as determined by qPCR and
Fluidigm.
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Figure 3. Prevalence of pneumococcal serotype colonization in PCV-vaccinated, HIV-uninfected children
as measured by culture, qPCR and Fluidigm. P-values of <0.05 was considered significant as determined by
McNemar's test.

B. bronchiseptica, B. parapertusis, B. pertussis, B. holmesii, and N. lactamica were not tested by conventional
qPCR and thus could not be compared to Fluidigm; however, the overall detection prevalence by Fluidigm was
0.3%, 0%, 0%, 0%, and 4.2% respectively. Further H. influenzae was not serotyped by conventional gPCR and thus
could not be compared to Fluidigm; however, of the H. influenzae positive samples, 3.9% were serotype a, 1.3%
were serotype b, 2.6% were serotype ¢, 1.3% were serotype d, 1.7% were serotype e, 4.3% were serotype f, and
83.6% were non-typable (hinfNT).

Detection of bacterial nasopharyngeal carriage by culture and Fluidigm. There was excel-
lent concordance between culture and Fluidigm assay for detection of S. aureus (Kappa =0.86), and a mod-
est concordance for detection of H. influenzae (Kappa =0.63) and S. pneumoniae (Kappa=0.59). The Fluidigm
assay was more sensitive than culture in detecting S. pneumoniae (73.4% vs. 60%; p < 0.001) and H. influenzae
(69.3% vs. 54.6%, p < 0.001; Fig. 1, Supplementary Table 2). Discordance for bacterial detection between cul-
ture and Fluidigm methods were associated with carriage density, with the majority of Fluidigm-positive but
culture-negative samples being <10* CFU/ml per swab, and the majority of culture-positive but Fluidigm nega-
tive samples reported as “scant” growth (<5 colonies/plate) on culture.

Detection of pneumococcal serotype carriage by qPCR and Fluidigm. There was excellent con-
cordance between qPCR and Fluidigm assays, with the majority of reactions detecting S. pneumoniae serotypes/
serogroups (Kappa > 0.8) by both methods, with exception to serotype 1, for which the concordance was still high
(Kappa=0.75; Fig. 3, Table 2). Fluidigm was more sensitive in detecting serotypes/groups 1, 4, 10A, 18A/B/C,
and 19B/F; while qPCR was more sensitive in detecting serotype 7C. In addition, the Fluidigm assay identified 7
(4.2%) additional serotypes compared to those identified by qPCR; and conversely, the qPCR method detected
2 (2.1%) additional serotypes not detected by Fluidigm. Discordant results between the methods were strongly
associated with the density of carriage, with all additional pneumococcal serotypes/groups detected either by
qPCR or Fluidigm having estimated copy numbers of <10°> CFU/ml per swab (Fig. 4). The sensitivity and spec-
ificity of the Fluidigm compared to qPCR assay were high; i.e. sensitivity >80% and specificity >99.3%; Table 2.

Serotypes/serogroups 7A/E, 8, 22A/F, 25AF/38 and 35B were only tested by Fluidigm, with an overall detec-
tion prevalence of 0.3%, 0.9%, 0.6%, 2.7% and 0.3%, respectively.

Detection of pneumococcal serotype carriage by culture and Fluidigm. Generally, there was high
concordance between culture and the Fluidigm assay for detecting S. pneumoniae serotypes/serogroups. Culture
identified 21 (10.9%) serotypes/serogroups not detected by the Fluidigm assay, and conversely the Fluidigm
assay identifying as additional 113 (39.1%) serotypes not identified by culture methods (Fig. 3, Supplementary
Table 3). This included higher detection prevalence by the Fluidigm assay for serotypes/serogroups 1 (1.5% vs.
1%; p=0.03), 5 (8.9% vs. 0%; p=0.003), 16 (2.7% vs. 1.5%, p=10.05), 18A/B/C (1.8% vs. 0.9%, p=0.05), 19B/F
(14.9% vs. 11%, p = 0.002), 23F (4.5% vs. 2.7%, p = 0.03), and 25A/25F/38 (3.6% vs. 0%, p=0.005). The additional
serotypes detected only by Fluidigm mostly had densities <10* CFU/ml per swab. Furthermore, the majority of
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LytA 244(72.8) | 246(73.4) |0.16 0.98 98.8 100
1 3(0.9) 5(1.5) | 0.16 075 95 100
3 1(0.3) 103) | — 1 100 100
4 3(0.9) 412)  |032 0.86 80 100
5 13(3.9) 1339) | — 1 100 100
6A/B 31(9.3) 31(93) | — 1 100 100
6C/D 2(0.6) 20.6) | — 1 100 100
7C 8(2.4) 6(1.8) | 0.16 0.85 100 99.3
9A/LIN/V 8(2.4) 8(24) |— 1 100 100
10A 5(1.5) 6(1.8) | 0.32 091 833 100
11A/B/C/D/F 9(2.7) 92.7) | — 1 100 100
12ABF/44/46 5(1.5) 5(1.5) | — 1 100 100
13 6(1.8) 6(1.8) | — 1 100 100
14 7(2.1) 721 | — 1 100 100
15A/B/C/F 14(4.2) 14(42) | — 1 100 100
16F 9(2.7) 92.7) | — 1 100 100
17F 6(1.8) 6(1.8) | — 1 100 100
18A/B/C 6(1.8) 7(2.1) 032 0.93 85.7 100
19A 36(107) | 36(10.7) | — 1 100 100
19B/F 48(14.3) | 50(14.9) |0.08 0.96 94 100
20 1(0.3) 103) | — 1 100 100
21 5(1.5) 5(1.5) | — 1 100 100
23A/B 8(2.4) 8(24) | — 1 100 100
23F 15(4.5) 15(45) | — 1 100 100
34/37/17F 13(3.9) 1339) | — 1 100 100

Table 2. Concordance between qPCR and Fluidigm for the detection of pneumococcal serotypes in PCV-
vaccinated, HIV-uninfected children.
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Figure 4. Density of colonization of pneumococcal serotypes as determined by qPCR and Fluidigm.

the additional serotypes detected by Fluidigm were carried concurrently with other pneumococcal serotypes, of
89% were a non-primary colonizing serotype (Supplementary Table 4). The sensitivity of the Fluidigm assay com-
pared to culture were high for the majority of reactions; mainly having sensitivity >80%, with the exception of
serotype 10A (60%) and serogroup 23A/B (71%). All Fluidigm reactions had high specificity (>95%) compared
to culture (Supplementary Table 3).

Density of bacterial nasopharyngeal carriage as determined by qPCR and Fluidigm. There was
an excellent correlation (Rho > 0.95) between qPCR and Fluidigm for measuring the density of colonization
(Figs 2 and 4), with no significant differences observed between the two methods for all bacterial pathogens and
pneumococcal serotypes (Table 3).

Discussion

A reliable molecular nanofluidic real-time PCR (Fluidigm) system was established to simultaneously detect
11 bacterial pathogens, 55 pneumococcal serotypes (16 individual serotypes and 39 serotypes in 13 groups)
and 6 serotypes of H. influenzae (serotypes a-f) in a single run'®. There was high concordance between qPCR
and Fluidigm, including for identifying bacterial colonization, density of bacterial targets and pneumococcal
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Bacteria Density detected by qPCR | Density detected by Fluidigm | P-value
S. pneumoniae 4.54(4.37-4.70) 4.39(4.24-4.54) 0.49
H. influenzae 4.38(4.21-4.55) 4.56(4.39-4.73) 0.18
M. catarrhalis 3.38(3.23-3.52) 3.29(3.15-3.44) 0.37
S. aureus 3.48(3.17-3.79) 3.41(3.08-3.75) 0.13
S. pyogenes 3.09(2.14-4.03) 3.68(3.04-4.32) 0.11
N. meningitides 3.24(—0.13-6.61) 2.96(0.20-5.73) 0.18
Pneumococcal serotypes/serogroups

1 2.90(—0.92-6.71) 3.76(0.46-7.07) 0.22
3 3.55 3.66 —

4 2.85(—0.27-5.97) 2.30(—1.20-7.20) 0.79
5 2.52(2.01-3.02) 2.46(2.0-2.91) 0.09
6A/B 4.25(3.88-4.61) 4.07(3.77-4.36) 0.056
6C/D 4.05(—1131-19.42) 3.60(—5.11-12.30) 0.54
7C 3.49(1.73-5.25) 3.27(1.89-4.67) 0.33
9A/L/VIN 3.31(2.52-4.10) 3.23(2.52-3.95) 0.16
10A 3.23(2.47-3.98) 3.62(2.64-4.1) 0.17
11A/B/C/D/F 3.29(2.03-4.56) 3.21(2.16-4.27) 0.51
12A/12B/12F/44/46 3.38(1.39-5.38) 3.58(1.76-5.40) 0.19
13 3.96(2.85-5.06) 4.03(3.13-4.94) 0.82
14 3.40(2.06-4.74) 2.93(2.37-3.48) 0.29
15A/B/C/F 3.81(2.93-4.68) 3.54(3.01-4.07) 0.075
16F 4.50(3.43-5.56) 4.23(3.01-5.44) 0.14
17F 2.54(1.55-3.53) 2.55(1.67-3.44) 0.88
18A/B/C 3.84(2.39-5.28) 3.84(2.96-4.73) 0.98
19A 3.82(3.48-4.17) 3.75(3.4-4.10) 0.26
19B/F 3.87(3.49-4.24) 4.14(3.78-4.51) 0.66
20 ND ND

21 3.38(2.23-4.53) 3.13(2.58-3.68) 0.55
23A/B 2.92(—0.76-4.92) 2.58(0.31-4.86) 0.16
23F 3.64(3.12-4.16) 3.98(3.44-4.51) 0.181
34/37/17A 3.90(3.08-4.72) 3.41(2.88-3.94) 0.059

Table 3. Density of bacterial nasopharyngeal carriage as determined by qPCR and Fluidigm. Numbers
are geometric mean densities (95% Confidence intervals). P-values of 0.05 were considered significant as
determined by a paired student t-test. ND, not done; too few variables to calculate.

serotypes, with discordant results mainly associated with samples in which the carriage density was low (<102
CFU/ml per swab).

Discordance between the methods included the gPCR method detecting an additional 3 bacterial species and
2 pneumococcal serotypes above those detected by Fluidigm, and conversely the Fluidigm assay detecting an
additional 11 bacterial species and 7 pneumococcal serotypes above those detected by qPCR. Although most of
these differences could not be confirmed by culture, due to the additional pneumococcal serotypes detected being
non-primary (second or third colonizing serotypes; Supplementary Fig. 3) colonizers, one additional serogroup
19B/F isolate detected by Fluidigm and one additional serotype 7C isolate detected by qPCR were concordant
with culture results. These small differences (<5%) in the detection of targets between qPCR and Fluidigm meth-
ods are, however, expected based on Poisson’s distribution that the assays had a 95% probability of detecting their
respective targets with reasonable certainty'%. This was further supported by the discordant readouts between
the methods mainly being associated with samples where the density of carriage was very low (<10?> CFU/ml).
Furthermore, the higher yield on the Fluidigm assay could be due to a pre-amplification step that selected for
targets in this assay (and not the qPCR assay).

While culture remains the referent standard for bacterial carriage and pneumococcal serotype characteriza-
tion studies, these assays lack quantitative data which impose limitations on our understanding of the association
between nasopharyngeal carriage and its relation to disease'>~'. Recently, several molecular gPCR methods have
been developed to overcome the above shortcoming of conventional culture assays. Nevertheless, most molecular
methods are still limited by the large sample volume required to distribute across all reactions, cost (approxi-
mately $ 1.85 per sample per reaction in duplex) and processing multiple qPCR reactions being labor intensive
and time-consuming'’. Further, there is a limited number of quantitative studies that have concurrently described
colonization of a diverse number of bacterial pathogens and pneumococcal serotypes.

Our Fluidigm assay addressed some of the challenges posed by qPCR assays, including analyzing a larger
number of reactions per plate making the assay more cost-effective (approximately $ 0.37 per sample per reac-
tion), less time-consuming and less labor intensive (9216 reactions per one Fluidigm plate versus 96 reactions per
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one qPCR plate). Further, IFCs not only reduces the reaction volume from 10 uL-20 uL down to 10 nL scale, but
the technology allows for validations as well as increased parallelism and throughput of qPCR reactions'?.

Notably, the Fluidigm assay was more sensitive in detecting serotype 5 (3.9% vs. 0%) and serogroup 25AF/38
(3.6% vs. 0%) compared to culture (Fig. 3). Half of the isolates typed as serogroup 22AF/38 were not identified
on culture, while the other half were commonly found as non-primary colonizers (Supplementary Fig. 2), which
might explain them not being identified by culture methods. The majority of serotype 5 isolates (12/13; 92%) were
commonly isolated as non-primary serotypes, raising the possibility of false positive readouts from the Fluidigm
assay. These results were consistent with findings when we analyzed using the gPCR compared to culture assay'.
This is of particular importance for serotype 5 since the primers used also detect S. mitis in Silio. Nevertheless,
we recommend that results from serotype 5 and serogroup 22AF/38 are interpreted with caution and further
investigation is warranted.

The Biomark HD system in a new instrument that has only been used to serotype pneumococcus by one
other group; however, their assay differed in that they used Evagreen (a dsDNA-binding dye) chemistry instead
of TagMan probes to quantify bacterial carriage. Further, the study by Dhoubhadel et al. was designed to only
detect 50 pneumococcal serotypes (17 individual serotypes and 33 serotypes in 12 groups) and did not include
any additional bacterial pathogens®**!. The performance of our assay was, however, comparable to that described
by Dhoubhadel et al.

Limitations of our study include that Fluidigm assay was unable to discriminate between all pneumococcal
serotypes within some serogroups. Also, although the Fluidigm assay included additional pneumococcal sero-
types and other bacterial targets compared to those investigated for by qPCR'*!!, we did not test for all known
pneumococcal serotypes. This should be considered for future studies. Further, the LytA gene was chosen to
detect overall pneumococcal colonization; however, recent studies reported other isolates within the S. mitis
group also harbor LytA?2. No serotype was discernible for a small percentage (7.9%) of LytA positive samples
detected by Fluidigm in our study, suggesting they were either non-typable or belonged to one of the serotypes
not included in our assay. Alternately, these could have been LytA positive non-pneumococcal species that were
being identified. Future studies on pneumococcal colonization using gPCR or Fluidigm should consider includ-
ing an alternative gene such as Xisco, which is purportedly only present in Streptococcus pneumoniae®. As an
initial step for gene expression on the Biomark HD Fluidigm system manufacturers recommends Specific target
amplification (STA) for each sample to be done by combining all primers in a pool. Due to the high similarity
between some pneumococcal primers, non-specific binding of primers to each other resulted (results not shown)
in cross-specificity between some of the pneumococcal serotyping targets. This was addressed by separating
primers into two separate pools (Supplementary Table 5), and then combing the STA products from the two
assays. Careful monitoring and optimization of the Fluidigm assay are thus needed in future studies, especially if
the assay is to be expanded with additional serotypes.

In conclusion, we established a Fluidigm assay that was highly sensitive and specific. Using the Fluidigm
assay enabled simultaneous detection of nasopharyngeal colonization by common pneumococcal serotypes, H.
influenzae serotypes, and other common nasopharyngeal bacterial pathogens; and provided quantitative data in
asingle run.

Material and Methods

Study population. Archived nasopharyngeal swab samples collected from a PCV7-vaccinated cohort of
HIV-uninfected infants in Soweto, South Africa were retrospectively analyzed. The study cohort has been previ-
ously described?*?°. Briefly, infants enrolled between April 2005 and June 2006 were 6-12 weeks old at enrolment
and included participants who were both HIV-exposed-uninfected (HEU) and HIV-unexposed. These infants
were scheduled to receive three doses of PCV7 (i.e. Prevnar®; Wyeth Vaccines, NJ, USA) at 6, 10 and 14 weeks of
age?>?. PCV immunization was introduced into the public EPI program in May 2009 and thus, during the course
of the study, PCV immunization of children in Soweto (birth cohort 28,000 per annum) was limited mainly to
study-participants (approximately 600)%. As described, standard culture methods were used to culture samples
for S. pneumoniae and the Quellung method was undertaken for serotyping?.

Nasopharyngeal (NP) swabs were collected at several time intervals, including at 9 and 16 months of age.
Swabs were stored in skim milk-tryptone-glucose-glycerol (STGG) transport media at the Respiratory and
Meningeal Pathogen Research Unit (RMPRU) in South Africa®. Samples were screened previously for S. pneu-
moniae, H. influenzae, S. aureus, M. catarrhalis, S pyogenes, and N meningitides by qPCR!!, and pneumococcal
serotyping was done by qPCR on all samples that tested positive for S. pneumoniae as described™. In this study, we
now developed and evaluated a Fluidigm assay which screened for an additional 9 serotypes/serogroups (7A/E, 8,
22A/F, 25AF/38 and 35B) not included in our earlier qPCR assay, as well as investigated for presence of additional
bacteria (Bordetella bronchiseptica, Bordetella parapertusis, Bordetella pertussis, Bordetella holmesii, and Neisseria
lactamica. The Fluidigm assay was also designed to serotype H. influenzae. The additional serotypes included
in the Fluidigm assay were chosen based on the most frequently isolated non-vaccine serotypes associated with
colonization in South Africa as detected by culture methods, at the time of study design.

Bacterial and pneumococcal reference isolates. Control strains for the pneumococcal serotypes (1,
2,3,4,5,6A, 6B, 6C, 6D, 7A, 7F, 7C, 8, 9A, 9L, 9N, 9V, 10A, 11A, 11B, 11C, 11D, 11F 12A, 12B, 12F, 13, 14, 15A,
15B, 15C, 15F 16A, 16F 17A. 17F 18A, 18B, 18C, 19A, 19B, 19F, 20, 21, 22A, 22F, 23A, 23B, 23F, 25A, 25F, 34,
35B and 37), H. influenzae serotypes (serotypes a-f), S. aureus, M. catarrhalis, N. meningitidis and S. pyogenes
were obtained from the National Institute for Communicable Diseases (NICD). Additional isolates for B. bron-
chiseptica (ATCC® 4617), B. parapertusis (ATCC® 15311), B. pertussis (ATCC® 2397) and N. lactamica (ATCC®
23970) were purchased from Davies Diagnostics (South Africa), while an isolate for B. holmesii (ATCC® 51541)
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was purchased from LGC standards South Africa. DNA from these strains were used to optimize the Fluidigm
reactions and as positive controls.

DNA extraction. Total nucleic acid was automatically extracted from nasopharyngeal swab samples stored
in STGG, using the NucliSens® easyMAG® extraction system (BioMérieux, Marcy I'Etoile, France), according to
manufactures instructions. Similarly, total nucleic acid was also extracted from pneumococcal reference strains
(positive control strains) grown in Todd-Hewitt broth supplemented with 5% yeast. S. aureus, M. catarrhalis, S.
pyogenes, N. meningitidis, and N. lactamica reference strains were grown in Todd-Hewitt broth alone, H. influen-
zae serotypes a-f were grown in Brain-Heart infusion (BHI) broth and Bordetella species were grown in potato
broth. Extracted DNA from samples and reference strains were stored at —20°C.

Real-time qPCR multiplex assay. Target DNA was previously pre-screened for S. pneumoniae, M. catarrh-
alis, H. influenzae, S. aureus, N. meningitidis and S. pyogenes as described'®!". All LytA positive samples (Cq < 35)
were further molecularly serotyped for PCV7 serotypes/groups (4, 6A/B, 9A/L/N/V, 14, 18 A/B/C, 19B/F and 23F)
and non-vaccine serotypes/groups (1, 3, 4, 5, 6C/D, 10A, 11A/B/C/D/FE, 12A/B/E, 13, 15A/B/C/E, 16F, 17F, 19A,
20,21, 23A/B and 34/37/17A) as described'.

Fluidigm assay. ABI primer express software package, version 3.0 (Applied Biosystems, ABI, Foster City,
USA) was used to design oligonucleotide primers and FAM dye-labelled MGB probes for additional targets not
included in the multiplex qPCR assay. Primer and probe sequences used in the Fluidigm assay are described in
Table 4. GAPDH and BexA were included to confirm the efficiency of the DNA extraction and to confirm the
presence of non-typable H. influenzae, respectively. The Fluidigm method was unable to discriminate between
some pneumococcal serotypes within a particular serogroup due to the genotypic similarities between the cap-
sule loci of certain serotypes (including serotypes: 6A/B, 6C/D, 7A/F, 9A/L/N/V, 11A/B/C/D/F, 12A/B/F/44/46,
15A/B/C/F, 18A/B/C, 19B/F, 22A/F, 23A/B, 25A/25F/38 and 34/37/17A); however, the method was able to iden-
tify serotypes 1, 3, 4, 5, 7C, 8, 10A, 13, 14, 16F, 17F, 194, 20, 21, 23F and 35B individually.

Pre-amplification of DNA for Fluidigm. Specific target amplification (STA) was done per manufactures
recommendations as the initial step (pre-amplification of DNA) for the Biomark HD system (Fluidigm). Briefly,
two separate pools containing 24X TaqMan assays in each pool as described in Supplementary Table 5, were pre-
pared by mixing forward and reverse primers and diluted with 10 mM Tris/HCL and 0.1 mM EDTA (pH 8) to give
a final concentration of 200 nM of each primer. PCR reactions were carried out for each STA pool in 5 ul volumes
each containing 2.5 yL TagMan PreAmp Master Mix (Fluidigm, CA, USA), 1.25 uL of pooled assay and 1.25uL
of DNA. Reactions were amplified with the T100 Thermal Cycler (Bio-Rad Laboratories, CA, USA) and cycling
conditions included an initial activation at 95 °C for 10 minutes followed by 14 two-step cycles (denaturation at
95°C for 15 seconds and annealing/extension at 60 °C for 4 minutes). STA products from the two PCR reactions
were combined and diluted 1:5 with 10 mM Tris/HCL and 0.1 mM EDTA (pH 8).

Real-time qPCR using the Biomark HD System (Fluidigm). Fluidigm was carried out with 96.96
dynamic arrays (Fluidigm Corporation, CA, USA) according to manufactures instructions. 10X assay mixture
and sample pre-mix were prepared, with each assay being prepared in duplicate (making up a total of 96 assays).
Briefly, each 10X assays contained 2.5 ul 20X TagMan gene expression assay (Fluidigm), prepared by mixing
forward primer, reverse primers and probe, and 2.5 ul 2X Assay Loading Reagent (Fluidigm). The final concen-
tration (at 10X) for each primer was 9 pM and 2 pM for the probe. Sample pre-mix was made by combining 2.5 ul
TagMan Universal PCR Master Mix (2X (Life Technologies, 0.25ul 20X GE Sample Loading Reagent (Fluidigm
PN 100-7610) and 2.5 ul pre-amplified cDNA (diluted STA product containing a negligible concentration of
carried-over STA primers) for each of the 96 sample inlets. IFC controller (Fluidigm) were used to prime 96.96
dynamic arrays IFC Chip (Fluidigm) with control line fluid. 5L of each assay and sample mix was then trans-
ferred into the appropriate inlets of the primed chip and loaded with the IFC controller. After loading, the chip
was placed in the Biomark instrument for Fluidigm screening at 95 °C for 10 minutes followed by 40 cycles at
95°C for 15 seconds and 60 °C for 1 minute. The data were analyzed with Real-Time PCR Analysis Software in the
BIOMARK instrument (Fluidigm Corporation, CA, USA) using manually defined thresholds. Negative samples
were defined as those with Cq values > 35 for each bacterial species. A schematic diagram illustrating the work-
flow of the Fluidigm assay is shown in Supplementary Fig. 3.

All respective reactions included in the Fluidigm assay were optimized according to the MIQE guidelines.
Briefly, Standard concentration curves, lower limits of detection (LLDs), correlation coefficient (r?), amplification
efficiency, analytical specificity, intra-assay variation, accuracy and inter-assay variation for each reaction were
calculated as described previously'.

Statistical analysis. Statistical analysis was performed with STATA Version 11.0 (Statacorp, Texas, USA).
McNemar’s test was used to determine the sensitivities of culture/qPCR and Fluidigm. When analyzed for con-
cordance, using kappa statistics, only common serogroups/types tested by both methods were included. Findings
for non-typable (NT) pneumococcus were not compared between culture and qPCR/Fluidigm, as the qPCR and
Fluidigm methods were not optimized to detect all pneumococcal serotypes and thus some untested serotypes
might be misidentified as NT pneumococcus. Paired student t-tests were used to compare the mean bacterial
concentrations detected by qPCR and Fluidigm, following log,, transformation of data. Results were considered
significant when the p-value was <0.05.

Ethics approval. Ethical consent was obtained from the Medical Human Research Ethics Committee
(HREC) of the University of Witwatersrand for the initial enrolment of the cohort [Vaccinated cohort: HREC:
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Streptococcus IvtA TCTTACGCAATCTAGC GTTGTTTGGTTGGTTA TTTGCCGAAAACGCTT McAvinet al®!
pneumoniae ¥t AGATGAAGC TTCGTGC GATACAGGG .
Haemophilus influenzae | IGA A LUCCAAGAT TGCTCGCCATACTGCACAA | CCTGCGGTTAAACC This study
Haemophilus . GCAACCATCTTACA AAGTGAAGCATGTCG 5
influenzaetype A HiA ACTTAGCGAATAC GGTCTGCGGTGTCCTGTGIT | cearTeGTCCA Maaroufi et al.
Haemophilus HiB TGTTCGCCATAACT CTTACGCTTCTATCTCGG CACAAAACTTCTCA Maaroufi ef al®*
influenzaetype B TCATCTTAGC TGATTAATAA TTCTTCGAGCCTA :
g;i‘:gg‘e‘tl;;e c HiC GRS LG ACATGAT TTAGGATATTTACGCTGCCATT | TGCAGCTAAGATTATT Maaroufi ef al
Haemophilus HiD TATTGATGACCGAT CCAGAAATTATTTCTCC AATGGTTGTAAAACT Maaroufi ef al
influenzaetype D ACAACCTGTTTAAA GTTATGTTGA CTTCT :
Haemophilus HiE GTTGAAAACAAAC ATCTTTAATTACCAGATCC AACGAATGTAGTGG Maaroufi ef al®*
influenzaetype E CGCACTTT CTTTCAT TAGTTAGA :
Haemophilus HiF GGATAATCAAATACC GTAGATTAGCCTCAATAA TCATCGTGAGATCA Maaroufi ef al
influenzaetype F ACATTGGCTTA CATGTGAATTAA TTGATCACGAT :
BexA BexA CTGAATTRGGYGA ACAATCAAAYTCAACH AGGGATGAAAGCY Maaroufi ef i
TTATCTTTATGA GAAAGHGA CGRCTTGCAT :
GCTCAGCAAATG CACTATATACTGTTGGAT )
Staphylococcus aureus | SA CATCACAAA CTTCAGAACCA AGATAACGGCGTAAATA This Study
Moraxella catarrhalis | MCAT SO LIACAA TGTATCGCCTGCCAAGACAA | CAGCTGTTAGCCAGCC This Study
Streptococeus pogenes. | SPY GCACTCGCTACTA GTCACAATGTCTTGGAAA CCGCAACTCATCAAGGA CDC 2008
P PYos TTTCTTACCTCAA CCAGTAAT TTTCTGTTACCA
Neisseria meningitidis | SodC GCACACTTAGGTGA CCACCCGTGTGGATCAT CATGATGGCACAGCAAC Thomas ef al*
8 TTTACCTGCAT AATAGA AAATCCTGTTT :
Neisserialactamica | LacZ AT GAACC N T ATCACGTT TATTGGAGCGGACTAAA ThisStudy
Bordetella pertusisand | ¢,o) CAAGGCCGAACG GAGTTCTGGTAGGTGT CAGTCGGCCTTGCGT Tattiet al*
Bordetella holmesii CTTCAT GAGCGTAA GAGTGGG .
- GGCGACAGCGAGAC CGTGCAGATAGGCTTTT R
Bordetella holmesii hIS1001 AGAATC GCCGCCTTGGCTCACTT AGCTTGAGCGC Tattiet al.
. TCGAACGCGTGGA AGACCCAGGGCGC )
Bordetella parapertusis | pIS1001 ATGG GGCCGTTGGCTTCAAATAGA |\ CaATGTC Tattiet al.**
Bordetella pertusis,
fr‘l’:ld;;erg;gﬁzape”““ PtxS CGCCAGCTCGTACTTC GATACGGCCGGCATT ?ﬁggggéﬁGACACT Tattiet al.**
bronchiseptica
Streptococcus CGTGCGGTAATTGA TGCTTGCCCTTGTAT I
pneumoniae serotype 1 | | ACCTATGA TGTGGCCCCAGCAACTCT AGGGT Azzariet al.
Streptococcus GGTCAGCAGAAAGTA TATTGGATGTGGTTT . 35
pneumoniae serotype 3 | TGCATTGG TCGTTTATCCAGGGTCTGATGA | ATCGTGAAGA Azzariet al.
Streptococcus TGGGATGACATTTCTA TCCTATTGGATGGT . 35
pneumoniae serotype 4 4 CGCACTA CCGTCGCTGATGCTTTATCA TAGTTGGTGA Azzariet al.
treptococcus .
Strep 5 TTACGGGAGTATCTTAT CAGCATTCCAGTAGCCT TTGTCTCAGCAACT Azzariet al®
pneumoniae serotype 5 GTCTTTAATGG AAAACTAGA CTATTTGGCTGTGGG .
Sﬁiﬁiﬁﬁﬁfﬁ‘im o |6a/B/cD | AAGTTTGCACTAGAGT ACATTATGTCCRTGTCTTC TGTTCTGCCCTG Aggariet al.®
N "BIC/ID group ATGGGAAGGT GATACAAG AGCAACTGG :
Streptococcus
ggigmoniae serogroup | 6C/D é¥g$_gfg GATTGGTC gngTE%éATTAGTTCTT CCACGCAATTCGCCATC Azzariet al®
Streptococcus
pneumoniae serogroup | 7A/F GATGGCATGTGGCAA TTTGCCCTCCTTAATC TTGGCTATCGGCATGGTGGT Azzariet al®
AR ACCA ATTTCAC
Streptococcus
pneumoniac serotype | 7C G ACACGAATAGGTG TGAAATTCCAAGCGAAGCAA | LIS AN CTATTOGTT ThisStudy
7C
Streptococcus s CCACTCATCAGTTT TCAATAATTGAAGAAGCG TGATGGCAGATGG Azzariet al.®
pneumoniae serotype 8 CCCATATGTTT AACGTT GTTGGGACGAG .
Streptococcus
‘ TGGAATGGGCAAAG TTAATCATGCTAAC )
ggjimr;ae serogroup | 9A/L/N/V GGTAGTA TCGGTTCCCCAAGATTTTCTC | oo At ATCGA Azzariet al.
Streptococcus CCTCTCCTATCAACTATTA | AATAACCATAAGTCCCTAGA | TCATTACAACTCCCTAT
neumoniae serotype 10A Azzariet al.®
11)0 " CTCATTATACTACCT TCATTCAAAG GTGACACGGGTCTTTT
Streptococcus
‘ ACCGCATTTCTTATCG TCTCCTTACCATCAAACAT .
Il)?je\‘;g}(g;g? Fserogroup 11A/B/C/D/F CACTATATT GTTAATCA TGAATCAGTCTGACCGTTT ThisStudy
Continued
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Streptococcus

¢ 12A/12B/ GATTATTCGCTTGCC ATAGCCGAAATAAGCTTT -
I]);lje\l;gr;l&rz/a:;erogroup 12F/44/46 TCTTCATG CCAGAA ATTTGTAAGCGGACGTGCGATT | Azzariet al.
Streptococcus TCGGATTTAGTAGTAA TTCTTGATTGAGGATGCA )
presmoniae serotype 13 | 13 COCOATTGA TTTCC AGTAGTAAGAGATCATATTCAAG | ThisStudy
Streptococcus M CGACTGAAATGTCACTA AATACAGTCCATCA TGTCATTCGTTTGCCAAT Agzariet al®
pneumoniae serotype 14 GGAGAAGAT ATTACTGCAATACTC ACTTGATGGTCTC :
Streptococcus
pneumoniae serogroup | 15A/B/C/F £¥${P ég gé?ETAGATTG g%gﬁ‘éﬁ%‘é‘%}iﬁéﬁjﬂ‘& CTCCGGCTTTTGTCTTCTCTGT | Azzariet al.®®
15A/B/C/F
Streptococcus
pneumoniae serogroup | 16F 2%:? é SKSSIATTTTTGAT gééﬁ%fAATGCCAT AAAATGCTAACTTCGTTGGAGG | ThisStudy
16F
Streptococcus
pneumoniae serotype 17F g:g:ﬁégé};’g&iATGTCCT ?ggggngCTGTTTA TTGTACATGGTCTGGATTT ThisStudy
17F
Streptococcus
pneumoniae serogroup | 18A/B/C %SggTTGTTATTCACGCCT Zé(ég%%;g%ECGAAT AACCGTTGGCCCTTGTGGTGGA | Azzariet al.*
18A/B/C
S::E:ggﬁf:::m e |10 TTCGACGACGTATCAGCT TCATTGAGAGCCTT ACCCAAAACGGTTGACG Agzariet al®®
11’9 " typ TCA AACCTCTTCA CATTATACT :
Sg:grtgng:::m o | 198/ GGTCATGCGAGATACGAC TCCTCATCAGTCCC ACCTGAAGGAGTAGCTGC Aggariot al s
11)91; F sroup AGAA AACCAATT TGGAACGTTG :
Streptococcus 20 AAAGATACTGGCTGAGGA | AGTCAAAAGTACTCAACC AGGATAAGGTCTACTTTG Agzariet al’®
pneumoniae serotype 20 GCTATCTATT ATTCTGATATATTC TGGGAGTTC .
Streptococcus CCATTTGAAGGACCAGT AAAAAGCCACTATCAGG ]
pneumoniae serotype 21 21 TGTTG AATACCAA AATGGCATTGCTTCGTAAA ThisStudy
Sg:g:ggz;::zem e |22a/E TCTATTAAATAACCCATT TCGCAATTGAAGACCA TCCGTAAT T’CGCTTATGGG Agzariet al’®
5’2 v P GGAATTGAAACG CATAAACTG CACATTCTCCA g
Streptococcus
pneumoniae serogroup | 23A/B/E GGTGGACTTTCCGATGCAA | GACTETCAACAAAAAT AAATGTCGGTATAGATAAAG | ThisStudy
23A/B/F
Streptococcus
pneumoniae serotype 23F ¥$SE%TTTGCGATCCTG ég?ﬁggTCCGTTGTTT TTTCTCCGGCATCAAACGTTAAG | Azzariet al.*
23F
S::E;gggf;::m roup | 25A/25/38 | CTCTTACGTAGAACCT TGGTCCTACAAGCGA TTGCCACAGATTTGGAAT ThisStud
55 A/25E/3B group CTCTGGATGA CATGTG ATTTTGGTCGG Y
Streptococcus
g;l/e;;/nlt;nAiae serogroup | 34/37/17A 2g:%‘é(é£%’[:[%léﬂCGAAC gi%ig;{éACTCGCCCG CCGACTATACTCCATTTGA ThisStudy
Streptococcus

¢ TGTAAAGACTGCACAA CAATTTAAACAATATTAGTA N
g;l;umomae serotype 35B GCATGGAGGTGGAGCATACA CTCGATATAAAA AAGCGCAGGTCAAGCAAA Azzariet al.

Table 4. Oligonucleotide primers and probe® sequences for quantitative molecular Fluidigm detection of
respiratory pathogen. Probe* Minor Grove Binding (MGB) FAM labelled TagMan probes.

040704, also registered under Clinical trials number NCT00099658] and all methods were performed in accord-
ance with the relevant guidelines and regulations. The HREC also approved further testing of samples (M140907)
in this study. At the time of the initial enrolment, written, informed consent had been obtained from the parents/
guardians of all the study participants.

Data Availability

The data that support the findings of this study are available from the corresponding author upon request.
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