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ABSTRACT
Neisseria meningitidis, Haemophilus influenzae and Streptococcus pneumoniae are leading causes of meningitis and acute invasive infections.
PCR-based methods are widely used for the diagnosis and surveillance of bacterial pathogens because of their high sensitivity, specificity
and high-throughput capabilities compared with conventional laboratory methods. This study evaluated a high-resolution melting qualitative
PCR analysis method for the simultaneous detection of these three pathogens. The assay has been optimized to detect three species-specific
genes of each organism isolated from clinical samples, enabling accurate identification of the etiological agent. The method proved to be highly
sensitive and cheaper than the real-time PCR TaqMan R© system because it is probe-free; it could be used for the diagnosis of invasive diseases
in public health laboratories of developing countries.

METHOD SUMMARY
A real-time qualitative PCR with high-resolution melting (qPCR-HRM) for simultaneous detection of the three most frequent bacteria causing
meningitis was evaluated. The proposed method was shown to be as sensitive and specific as the gold-standard TaqMan qPCR, but overall the
reagent costs of qPCR-HRM are about 20% of those needed for the TaqMan system because it does not require the use of fluorescent probes.
This is the first report of the use of qPCR-HRM for rapid and cost-effective diagnostic of bacterial meningitis.
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Invasive bacterial disease is a severe illness and a serious public health burden, with high rates of morbidity and mortality worldwide.
The most common causes of invasive bacterial disease associated with septicemia and meningitis are infection with Neisseria menin-
gitidis, Streptococcus pneumoniae and Haemophilus influenzae [1,2]. The WHO estimates that about 170,000 deaths occur annually from
the disease worldwide; the case fatality rate can be as high as 50% if not treated [3]. In middle- and low-income countries, acute bacterial
meningitis remains the fourth leading cause of disability [3,4].

The identification of these etiological agents by conventional laboratory methods can take up to 36 h or lead to false-negative results.
Currently the isolation rate for cultivation of these microorganisms in public hospitals may reach only 30% [5]. The rapid diagnosis of
these agents is important for patient management and for health surveillance actions to contain possible outbreaks. To decrease the
time of diagnosis and increase the specificity and sensitivity of detection, several molecular methods have been developed based on
the amplification of specific regions of bacterial DNA by PCR directly from clinical samples [5–8].

Real-time PCR (the TaqMan R© system) is an upgrade of the conventional qualitative PCR (qPCR) method that was developed to
quantify the DNA in the sample, but it can also be used to simply detect the presence of specific bacterial DNA, giving faster and more
accurate results [9]. A variant of qPCR is called high-resolution melting (HRM). qPCR-HRM differs from qPCR-TaqMan in that it is a
probe-free system; the reaction is carried out with a DNA-intercalating fluorescent dye which releases fluorescence when new dsDNA
copies of the target are amplified [10,11]. After the PCR reaction, a melting curve is generated and a specific melting temperature (Tm) is
achieved for each DNA sequence. The sensitivity of HRM is so high that it can detect Tm variations of less than 0.5◦C in the presence of
single-nucleotide polymorphisms (SNPs) [12]. Because no probes are included, HRM is easier and more cost-effective than probe-based
genotyping analysis and, unlike conventional methods, it prevents carry-over contamination of PCR products. Detection and genotyping
of bacterial pathogens with qPCR-HRM have been widely reported [10–15], but to our knowledge the method has not yet been applied
for the detection of bacteria causing invasive diseases and meningitis. Because of its lower cost and ease, the qPCR-HRM protocol
described here can be used in public laboratories for the identification of the three pathogens.
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Materials & methods
Control strains
Reference strains were used as controls for species diagnosis. All reference strains are part of the bacteria collection (CBRVS) at our
institution. The distribution of positive controls was as follows: N. meningitidis serogroups A, B, C, D and W135; S. pneumoniae serotypes
1, 3, 4, 5, 6A, 6B, 9V, 14, 19A, 19F, 33, 41, 51, 61; H. influenza a, b, c, d, e, f, NT and biogroup aegyptius. For negative controls, bacterial species
frequently isolated from meningitis and sepsis cases were used. Table 1 lists all the control strains analyzed in the study.

Clinical samples & strains
A total of 394 clinical samples received from 2011 to date were tested by HRM. The sources of isolation were: cerebrospinal fluid with
152 (38.9%) samples and blood/sera with 186 (47.6%); 52 samples (13.3%) were of unknown source.

Negative clinical samples (cerebrospinal fluid, blood and sera) from suspected cases of invasive disease for the three pathogens
after laboratory tests (latex agglutination, culture and microscopy) are routinely sent to our laboratory and submitted to culture and to
end point PCR for pathogen detection.

We also analyzed a total of 176 strains isolated from clinical samples (N. meningitidis, n = 85; H. influenzae, n = 46; S. pneumoniae,
n = 45) which are part of the CBRVS bacterial culture collection. The isolates were recovered from clinical samples after inoculation in
chocolate agar (blood agar base with 5% sterile lysate defibrinated rabbit blood) and incubated at 37◦C in a 5% CO2 environment. Species
confirmation was carried out by colony morphology, latex agglutination of specific antisera (Slidex R© Meningitis kit; bioMérieux, Marcy-
l’Étoile, France), Gram staining and optochin susceptibility (the latter only for S. pneumoniae determination). Each species was confirmed
by species-specific conventional PCR tests using protocols previously reported [15–17]. These strains were preserved freeze-dried and
incorporated into the CBRVS culture collection.

Primer design & PCR conditions
Species-specific primers were designed targeting exclusive genes for each pathogen with OligoArchitect™ software (Sigma-Aldrich, MO,
USA) [18]. Template sequences were obtained from GenBank [19]. Table 2 lists primer sequences for qPCR-HRM. Genomic DNA extraction
and purification from control strains, isolates and clinical samples was carried out using the DNeasy R© Blood and Tissue extraction kit
(Qiagen, MD, USA) according to manufacturer’s instructions. Purified DNAs were kept at -20◦C for repeated experiments. Two specific
master mixes optimized with DNA-intercalating fluorescent dyes were used: Type-it R© HRM PCR Kit (Qiagen) and MeltDoctor™ HRM
Master Mix (Applied Biosystems, CA, USA). These two master mixes were used in two different real time PCR cyclers, respectively: the
Qiagen Rotor-Gene Q 5plex Platform and Applied Biosystems QuantStudio™ 7 Pro real-time PCR system. Reactions were performed in
10-μl reaction mixtures containing 5 μl of Type-it HRM or MeltDoctor HRM master mix, 5 μM of each primer, ∼20 ng/μl of genomic
DNA and 2 μl of DNase- and RNase-free distilled water. PCR conditions were as follows: one cycle of 95◦C for 5 min (Type-it HRM) or
10 min (MeltDoctor HRM), then 40 cycles of 95◦C for 15 s, 60◦C for 1 min and 72◦C for 10 s. The HRM step for the dissociation curve
and fluorescence reading was performed immediately after PCR cycling according to the instructions for each thermocycler. Reaction
mixtures without DNA template were used as negative controls. Primer specificity was determined using DNA from control strains.
Initially, specificity and sensitivity were tested by conventional PCR to confirm the amplification of the targets. After the conventional
PCR, the amplifications were performed by qPCR-HRM to determine the minimum number of copies that the primers were able to detect
in fg/ml.

Patent application
The diagnostic system proposed here has been approved for patent application in Brazil (no. BR 10.2018.003245.3), with pending patent
applications in the USA, Canada, Europe and China (no. PCT/BR.2019/050049).

Results & discussion
Several PCR-based molecular methods for bacterial detection are currently available. Most of these methodologies are based on real-
time PCR (TaqMan), a quantitative method that can also be used for qualitative purposes for DNA detection and is considered more
sensitive and specific than end point PCR, showing a limit of detection of between one and ten DNA copies [6]. However, for the time
being, DNA probes are still too expensive and the use of TaqMan methodology is not broadly applied to public laboratories, at least in
developing countries. Moreover, the TaqMan method is not suitable for SNP detection because probes may hybridize equally to two
DNA regions with slight differences depending on the SNP position. As a variation of the TaqMan system, HRM is based on the analysis
of PCR products’ melting profiles using saturating, dsDNA-binding fluorescent dyes to monitor the transition from unmelted to melted
DNA at a specific temperature [5,14]. The HRM approach has been successfully used for genotyping and mutation scanning and is
considered a fast, cost-effective, sensitive, specific and high-throughput SNP genotyping method [13,20–25]. In this study we used HRM
for the detection of specific gene sequences of three human pathogens causing invasive diseases: N. meningitidis, H. influenzae and S.
pneumoniae. The first step of HRM with the specific amplification of the target and fluorescence release would be sufficient for bacterial
detection; however, because of the lack of specific probes tagged with different fluorophores, a multiplex approach for simultaneous
detection of the pathogens would not be possible. The addition of a melting step showing specific melting profiles for each different
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Table 1. Control strains used for qualitative PCR high-resolution melting analysis.
Bacterial species/serogroup or serotype Source Pathogen detected

Neisseria meningitidis A ATCC 13077 1

N. meningitidis B ATCC 13090 1

N. meningitidis C ATCC 13102 1

N. meningitidis W135 ATCC 35559 1

N. meningitidis D ATCC 13113 1

Haemophilus influenzae ATCC 33391 2

H. influenzae aegyptius ATCC 11116 2

H. influenzae NT ATCC 49247 2

H. influenzae a ATCC 9006 2

H. influenzae b ATCC 33533 2

H. influenzae c ATCC 9007 2

H. influenzae d ATCC 9008 2

H. influenzae e ATCC 8142 2

H. influenzae f ATCC 9833 2

Streptococcus pneumoniae ATCC 33400 3

S. pneumoniae 1 ATCC 27088 3

S. pneumoniae 14 ATCC 6314 3

S. pneumoniae 3 ATCC 6303 3

S. pneumoniae 33 ATCC 8333 3

S. pneumoniae 41 ATCC 10341 3

S. pneumoniae 51 ATCC 10351 3

S. pneumoniae 19F ATCC 49619 3

S. pneumoniae 61 ATCC 10361 3

S. pneumoniae 19A ATCC 700673 3

S. pneumoniae 14 ATCC 700672 3

S. pneumoniae 9V ATCC 700671 3

S. pneumoniae 6B ATCC 700670 3

S. pneumoniae 4 ATCC BAA-334 3

S. pneumoniae 6A ATCC BAA-659 3

S. pneumoniae 5 ATCC BAA-341 3

N. lactamica ATCC 23970 Neg

N. subflava ATCC 11076 Neg

Haemophilus parasuis ATCC 19417 Neg

H. parainfluenzae ATCC 33392 Neg

Moraxella catarrhalis ATCC 25238 Neg

S. agalactiae ATCC 13813 Neg

S. pyogenes ATCC 19615 Neg

Klebsiella pneumoniae ATCC 13883 Neg

Listeria monocytogenes ATCC 15313 Neg

Acinetobacter sp. ATCC 14293 Neg

Escherichia coli ATCC 11775 Neg

N. perflava ATCC 11076 Neg

S. pyogenes ATCC 12344 Neg

1 = Neisseria meningitidis; 2 = Haemophilus influenzae; 3 = Streptococcus pneumoniae.
ATCC: American Type Culture Collection; Neg: No amplification observed.

sequence allows the use of the method in a multiplexed approach. In this study, three specific melting patterns have been determined
for each pathogen. These patterns were used for gene-specific identification of each species directly from bacterial isolates or from
clinical samples with negative results after testing with conventional laboratory methods.

A total of 394 clinical samples received from 2011 to date were tested by HRM, of which 209 (53.6%) were positive for at least one of
the three pathogens as follows: N. meningitidis with 176 (45.1%) positive samples, S. pneumoniae with 21 (5.4%) and H. influenzae with
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Table 2. Primer sequences used and melting temperature for each target.
Gene target/species Primer 5′–3′ Amplicon size HRM range (±0.5◦C)

RotorGene QuantStudio 7

nspA CAAGCTCTTTAGGTTCTG 137 bp 84.5 85.8

Neisseria meningitidis GCTGTAAAGTTTGAAATCG

P6 GAAGGTAATACTGATGAACG 134 bp 78.5 80

Haemophilus influenzae TCACCGTAAGATACTGTG

Ply CCAAGTCTATCTCAAGTTG 86 bp 76.1 77

Streptococcus pneumoniae CTACCTTGACTCCTTTTATC

HRM: High-resolution melting.
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Figure 1. Results of clinical samples.
Hi: Haemophilus influenzae; Neg: Negative; Nm: Neisseria meningitidis; qPCR-HRM: qualitative PCR with high-resolution melting; Sp: Streptococcus
pneumoniae.

12 (3%); there were 181 (46.4%) negative samples. Figure 2 shows the distribution of the samples with positive and negative results after
qPCR-HRM analysis.

Our results shows that qPCR-HRM was sensitive and specific to accurately identify N. meningitidis, S. pneumoniae and H. influenzae
from different sources (Figure 1). All clinical samples used in this study were submitted to the gold-standard method for identification
of these pathogens, which is culture in specific media under specific conditions. Some isolates analyzed were recovered from these
clinical samples after culture. From other samples, however, it was not possible to isolate an etiological agent. These samples were
considered negative by conventional laboratory methods and have also been analyzed under qPCR-HRM.

Real-time monitoring of DNA amplification and a further melting step allow fast and accurate detection of the pathogens because the
presence of target DNA is detected by fluorescence with no need for subjective visualization through agarose gel. We have established a
specific and unique Tm for each pathogen which is able to determine the presence of genomic DNA from that species in clinical samples.
The most important advantage of the HRM protocol described here compared with the TaqMan system is the overall cost. Using the
same thermal cycler for qPCR-TaqMan, the cost of reagents is almost the same for end point PCR with no need for electrophoresis
apparatus and reagents. TaqMan real-time PCR using probes can be considered as faster and as accurate as HRM, but the cost of three
different probes for the simultaneous detection of each pathogen would greatly increase the overall cost of the assay. Compared with
end point PCR, qPCR-TaqMan and qPCR-HRM show higher sensitivity and reduce turnaround time of the assay to ∼2 h 30 min because
there is no need for visualization of the amplicons by gel electrophoresis. According to our findings, all positive samples tested by PCR
were confirmed by HRM, with 100% match of the species previously detected. Additionally, HRM was more sensitive than end point PCR
to identify bacterial DNA: 31% of negative samples were confirmed as positive for one of the three pathogens by HRM.

To our knowledge, this is the first report of the application of qPCR-HRM for the simultaneous detection of N. meningitidis, S. pneu-
moniae and H. influenzae from clinical samples using a single-step approach as described in this study. Because of its low cost and
high sensitivity and specificity, the use of this method for diagnostic purposes by public laboratories could improve diagnosis of acute
invasive bacterial disease, with clear benefit for patients and no additional costs.
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Figure 2. Melting curve showing melting temperature peaks for each target gene in the QuantStudio 7 thermocycler. Nm: 85.8◦C, Hi: 80◦C, Sp: 77◦C.
Hi: Haemophilus influenzae; Nm: Neisseria meningitidis; Sp: Streptococcus pneumoniae.

Conclusion
This is the first report of the use of qPCR-HRM for rapid and cost-effective diagnostic of bacterial meningitis. qPCR-HRM was used for
simultaneous detection of the three most frequent bacterial agents of meningitis and invasive disease and was shown to be as sensitive
and specific as the gold-standard test, qPCR-TaqMan. Additionally, the overall reagent costs of qPCR-HRM are about 20% those of the
TaqMan system.

Future perspective
The protocol here presented may be used in public hospitals and laboratories as a sensitive and specific cost-effective new diagnostic
tool. We believe that the distribution of this protocol in a great number of public laboratories in developing countries may improve the
diagnosis of meningitis, with a clear benefit for all patients.

Executive summary

Background
• A rapid, sensitive and cost-effective molecular diagnostic method to detect bacterial meningitis was developed.
Materials & methods
• Qualitative PCR with high-resolution melting (qPCR-HRM) was used to detect the three most frequent and lethal bacterial etiological

agents of meningitis.
• The protocol here proposed has been tested against isolated strains and clinical samples from patients with suspected meningitis,

previously diagnosed as negative.
• The qPCR-HRM method is based on the specific melting temperature of each gene target, according to their different nucleotide

sequences.
Results & discussion
• Clinical samples tested positive by conventional PCR were 100% confirmed by qPCR-HRM.
• Among negative samples, 31% tested positive by qPCR-HRM.
Conclusion
• qPCR-HRM proved to be a sensitive, specific and cost-effective tool for the diagnostic of bacterial meningitis.

Author contributions
I de Filippis: conceptualization, methodology investigation, funding acquisition, analysis of results, writing, review, editing, discussion of
results and submission. A Carvalho de Azevedo: methodology, experiments supervision, analysis of results. I de Oliveira Lima: exper-
imental procedures. N Lima Ramos: experimental procedures. C Ferreira de Andrade: experimental procedures. A de Almeida: review,
discussion of results.

Acknowledgments
The authors are grateful to the Central Reference Laboratories (LACEN-PE, LACENRJ, LACEN-BA) and Hospital Municipal Lourenço
Jorge-RJ for kindly providing strains and clinical samples. The authors are grateful to the sequencing core ‘Plataforma Genômica de
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