
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



The Journal of Molecular Diagnostics, Vol. 17, No. 3, May 2015
jmd.amjpathol.org
Development and Laboratory Evaluation of a
Real-Time PCR Assay for Detecting Viruses and

Bacteria of Relevance for Community-Acquired Pneumonia
Alicia Edin,* Susanne Granholm,* Satu Koskiniemi,* Annika Allard,y Anders Sjöstedt,* and Anders Johansson*
From the Department of Clinical Microbiology, Clinical Bacteriology, and Laboratory for Molecular Infection Medicine Sweden (MIMS)* and the Department
of Clinical Microbiology, Virology,y Umeå University, Umeå, Sweden
Accepted for publication
C

a

P

h

January 8, 2015.

Address correspondence to
Anders Johansson, M.D., Ph.D.,
Department of Clinical Micro-
biology, Clinical Bacteriology,
and Laboratory for Molecular
Infection Medicine Sweden
(MIMS), Umeå University,
SE-901 85 Umeå, Sweden.
E-mail: anders.f.johansson@
umu.se.
opyright ª 2015 American Society for Inve

nd the Association for Molecular Pathology.

ublished by Elsevier Inc. All rights reserved

ttp://dx.doi.org/10.1016/j.jmoldx.2015.01.005
Community-acquired pneumonia may present with similar clinical symptoms, regardless of viral or bacterial
cause. Diagnostic assays are needed to rapidly discriminate between causes, because this will guide
decisions on appropriate treatment. Therefore, a quantitative real-time PCR (qPCR) assay with duplex
reactions targeting eight bacteria and six viruses was developed. Technical performance was examined with
linear plasmids. Upper and lower respiratory tract specimens were used to compare the qPCR assay with
standard microbiological methods. The limit of detection was 5 to 20 DNA template copies with approxi-
mately 1000-fold differences in concentrations of the two competing templates. SDs for positive controls
were <5%. The use of the qPCR assay resulted in 113 positive identifications in 94 respiratory specimens
compared with 38 by using standard diagnostics. Diagnostic accuracy of the qPCR assay varied between 60%
positive agreement with standard tests for Streptococcus pneumoniae and 100% for Mycoplasma pneumo-
niae, Moraxella catarrhalis, and Staphylococcus aureus. Negative percentage of agreement was>95% for M.
pneumoniae, Streptococcus pyogenes, respiratory syncytial virus, and influenza A virus; whereas it was only
56% for Haemophilus influenzae. Multiple microbial agents were identified in 19 of 44 sputum and 19 of 50
nasopharynx specimens.We conclude that in parallel qPCR detection of the targeted respiratory bacteria and
viruses is feasible. The results indicate good technical performance of the assay in clinical specimens.
(J Mol Diagn 2015, 17: 315e324; http://dx.doi.org/10.1016/j.jmoldx.2015.01.005)
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Community-acquired pneumonia (CAP) represents a major
challenge for institutions of rational medical treatment
because of its diverse cause. Viruses and bacteria may
present with similar symptoms, making them difficult to
distinguish clinically.1 When physicians lack information
about the causative agent for their decision on appropriate
treatment, it leads to increased use of ecologically unfa-
vorable broad-spectrum antibiotics.2 To provide appropriate
and targeted treatment, physicians need diagnostic methods
that are rapid, sensitive, and specific, the combination of which
current standard diagnostic methods lack. Although present
viral diagnostics mostly rely on nucleic acid detection, the
properties of traditional cultivation techniques for bacteria
limit the possibilities to develop a rapid method for detection
of all tentative causes. Thus, a number of recent studies have
aimed to develop molecular methods to detect bacterial and
stigative Pathology
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viral pathogens. To overcome the limitations of cultivation,
quantitative real-time PCR (qPCR) assays were implemented
because they allow rapid detection and are generally appli-
cable. The method was implemented for common bacterial
pathogens such as Streptococcus pneumoniae, Staphylococcus
aureus, Streptococcus pyogenes, Haemophilus influenzae,
Moraxella catarrhalis, Legionella pneumophila,Mycoplasma
pneumoniae, and Chlamydophila pneumoniae.3e8 A vast
number of studies have also explored diagnostic qPCR for
viral causes of CAP, in particular influenza A and B, respira-
tory syncytial virus (RSV), and parainfluenza virus (PIV).9e12
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Table 1 Primers and Probes

Primer/probe
target (gene or
protein name) Sequence Reporter/quencher

Concentration,
nmol/L Reference

Duplex
name

Legionella
pneumophila (mip)

Forward: 50-AAAGGCATGCAAGACGCTATG-30 100 3 A

Reverse: 50-TGTTAAGAACGTCTTTCATTTGCTG-30 100
Probe: 50-TGGCGCTCAATTGGCTTTAACCGA-30 VIC-MGBNFQ 250

Mycoplasma
pneumonia (P1)

Forward: 50-GGAATCCCAATGCACAAGAACA-30 600 12

Reverse: 50-GCTTTGGTCAACACATCAACCTT-30 300
Probe: 50-GCCTTGAAGGCTGGGTTTGCGCTA-30 6FAM-MGBNFQ 250

Streptococcus
pneumoniae (lytA)

Forward: 50-AACTCTTACGCAATCTAGCAGATGAA-30 300 This study B

Reverse: 50-CGTGCAATACTCGTGCGTTTTA-30 300
Probe: 50-CCGAAAACGCTTGATACA-30 6FAM-MGBNFQ 250

Moraxella
catarrhalis (uspA1)

Forward: 50-GTCAAACAGCTGGAGGTATTGC-30 300 15

Reverse: 50-GACATGATGCTCACCTGCTCTA-30 600
Probe: 50-ATCGCAATTGCAACTTT-30 VIC-MGBNFQ 200

Chlamydophila
pneumonia (momp)

Forward: 50-CAAGGGCTATAAAGGCGTTGCT-30 200 12 C

Reverse: 50-ATGGTCGCAGACTTTGTTCCA-30 200
Probe: 50-TCCCCTTGCCAACAGACGCTGG-30 VIC-MGBNFQ 250

Staphylococcus
aureus (nuc)

Forward: 50-AAATTACATAAAGAACCTGCGACA-30 300 20

Reverse: 50-GAATGTCATTGGTTGACCTTTGTA-30 600
Probe: 50-AATTTAACCGTATCACCATCAATCGCTTT-30 6FAM-MGBNFQ 250

Streptococcus
pyogenes
grp A (SPy_1285)

Forward: 50-CTCGACAAGTCCTCAATCAAACC-30 200 This study D

Reverse: 50-ATGAGTTGCGGAAATTTGAGGTA-30 200
Probe: 50-CATAGAGAATTTATAACCGCACTC-30 6FAM-MGBNFQ 250

Haemophilus
influenza (P6)

Forward: 50-CTTGGTCTCCATACTTAACTAAATAAAAA-
ACTC-30

400 This study

Reverse: 50-GAACTACAAGCCGCTAATGCAG-30 400
Probe: 50-CATTATTAGTTGCAGGTTCT-30 VIC-MGBNFQ 250

Parainfluenza
virus 1 (HN)

Forward: 50-GTTGTCAATGTCTTAATTCGTATCAA-
TAATT-30

300 22 E

Reverse: 50-GTAGCCTMCCTTCGGCACCTAA-30 300
Probe: 50-TAGGCCAAAGATTGTTGTCGAGACTATT-
CCAAGCATTTCCAATCTTCAGGACTATGA-30

6FAM-MGBNFQ 150

Parainfluenza
virus 2 (HN)

Forward: 50-GCATTTCCAATCTTCAGGACTATGA-30 300 22

Reverse: 50-ACCTCCTGGTATAGCAGTGACTGAAC-30 300
Probe: 50-CCATTTACCTAAGTGATGGAATCAATCG-
CAAA-30

VIC-MGBNFQ 250

Parainfluenza
virus 3 (HN)

Forward: 50-AAATGATCTGATTTATGCTTATACCTC-30 300 LP Nielsen,
unpublished
data

F

Reverse: 50-TCAGGTACCAAGTCTGAGTTTACA-30 300 Copenhagen
Probe: 50-CGAGGTTGYCAGGATATAGGAAAATCA-30 6FAM-MGBNFQ 250

Respiratory
syncytial virus (M)

Forward: 50-GCAAATATGGAAACATACGTGAACA-30 200 12

Reverse: 50-GCACCCATATTGTWAGTGATGCA-30 200
Probe: 50-CTTCACGAAGGCTCCACATACACAGCWG-30 VIC-MGBNFQ 150

Influenza A 1 (M1)* Forward: 50-AAGACCAATYCTGTCACCTCTGA-30 600 12 G
Reverse: 50-CAAAGCGTCTACGCTGCAGTCC-30 300
Probe: 50-TTTGTGTTCACGCTCACCGT-30 VIC-MGBNFQ 250

(table continues)
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Table 1 (continued )

Primer/probe
target (gene or
protein name) Sequence Reporter/quencher

Concentration,
nmol/L Reference

Duplex
name

Influenza A 2
(Segment 7/M1)*

Forward 1: 50-AGGACCYCTGTCACCTCTGA-30 300 M Brytting,
unpublished
data

Forward 2: 50-CAAGACCAATCTTGTCACTCTGA-30 300 Public Health
Agency
of Sweden

Reverse 1: 50-TCTCGCTCACTGGGCA-30 300
Reverse 2: 50-TCCTCGCTCACTTGGCA-30 300
Probe 1: 50-TTGTGTTCACGCTCACC-30 6FAM-MGBNFQ 112
Probe 2: 50-TTTGTTTTCACGCTCACCG-30 6FAM-MGBNFQ 112
Probe 3: 50-TTTGTATTCACGCTCACCG-30 6FAM-MGBNFQ 112

Influenza B (HA) Forward: 50-AAATACGGTGGATTAAAYAAAAGCAA-30 600 12
Reverse: 50-CCAGCAATAGCTCCGAAGAAA-30 600
Probe: 50-CACCCATATTGGGCAATTTCCTATGGC-30 VIC-MGBNFQ 250

Bold indicates the use of a primer mix to target two different bases.
*For the detection of influenza A, two different primer pairs were used during the study because a new influenza A strain emerged, and we adjusted our assay

accordingly.
6FAM, 6-carboxyfluorescein.

qPCR for Virus and Bacteria in Pneumonia
Nevertheless, few studies have aimed to develop combined
molecular detection assays for viruses and bacteria with rele-
vance to CAP. A recent evaluation of two available systems
found that, although one clinically relevant pathogen could
readily be detected, there were performance limitations when
two pathogens were present in a specimen.13

Because of the rapid turnaround time and a low limit of
detection, implementing nucleic acid-based detection methods
for CAP pathogens may shorten the time to diagnosis and
increase sensitivity. Standard cultivation methods provide
limited sensitivity for important causes, includingH. influenzae,
probably because of the fastidious nature of the bacterium, and
evenmore so for S. pneumoniae.Because of autolytic behavior,
the latter seems to survive poorly during both transport and after
cultivation.14

To fully take advantage of the molecular methods’ sensi-
tivity and specificity, target genes must be chosen with care.
Capitalizing on previous work that validated suitable targets
for several respiratory pathogens, we have developed a qPCR
assay for causative diagnosis of CAP.3,12,15e23 We have
emphasized high technical performance, including the ability
to detect co-infections when multiple pathogens are present at
different concentrations. Here, we present a multiplex, qPCR
method for simultaneous detection of eight bacterial and six
viral pathogens with relevance for diagnosis of CAP.

Materials and Methods

Experimental Practices for Designing, Performing, and
Interpreting qPCR Experiments

This work was conducted at the maximum possible extent
according to the guidelines on minimum information for
publication of qPCR experiments.24
The Journal of Molecular Diagnostics - jmd.amjpathol.org
DNA and RNA Extraction

Sputum specimens were homogenized with equal volume
N-acetyl cysteine solution as described previously,25

before extraction of nucleic acids. Automated DNA/RNA
extraction by the Nordiag Arrow instrument and the Viral
NA kit (DiaSorin, Saluggia VC, Italy) was used for all
clinical specimens and viral strains with a sample volume
of 550 mL and an elution volume of 100 mL. The eluate of
clinical samples was then diluted with 100 mL of nuclease-
free water (Ambion, Life Technologies, Carlsbad, CA)
before being stored at �80�C until analysis. DNA of bac-
terial strains was extracted by a previously described
method,26 based on binding of DNA to uniform glass
beads, before being stored at�20�C until analysis. Plasmid
DNA was extracted by the QIAprep Spin Miniprep Kit
(Qiagen Inc., Valencia, CA), according to the manufac-
turer’s instructions.
Positive Controls and Standards

Linear plasmids with inserts of the target sequences were
used as positive controls for all assays. Plasmids were or-
dered from Eurofins MWG Operon (Ebersberg, Germany),
except the plasmid used forC. pneumoniae that was an in-house
construct. Plasmids were transformed into One Shot TOP10
Electrocom Escherichia coli (Invitrogen, Life Technologies,
Carlsbad, CA); cells were plated on kanamycin-containing
Luria Broth-agar plates. Single colonies were used for DNA
extraction as described in DNA and RNA Extraction, and the
concentration was measured in duplicates with the NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies, Wil-
mington, DE). A positive control solution of 2 � 104 plasmid
317
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Table 2 Summary of the Technical Performance

Primer/probe LOD, copies per reaction Cq at LOD Cq of second target R2 Amplification efficiency, %

L. pneumophila 5 36.6 29.4 0.994 94.9
M. pneumoniae 5 39.6 26.2 0.996 100.5
S. pneumoniae 5 40.6 26.3 0.994 96.8
M. catarrhalis 5 41.1 25.2 0.998 93.8
C. pneumoniae 5 35.8 28.5 0.997 101.8
S. aureus 5 35.5 28.4 0.999 101.8
S. pyogenes (GAS) 5 40.8 27.4 0.996 108.7
H. influenzae 5 39.3 26.3 0.998 102.7
PIV1 20 38.4 d* 0.996 92.0
PIV2 20 38.4 d* 0.996 97.2
PIV3 10 39.7 26.8 1.000 96.8
RSV 5 38.0 29.4 0.998 99.3
Influenza A 1 10 38.5 31.0 0.998 91.6
Influenza A 2 10 37.1 26.3 0.998 98.0
Influenza B 10 36.9 28.9 0.998 94.2

*LOD for PIV1 and PIV2 was determined in equal concentrations.
Cq, quantitation value; LOD, limit of detection; PIV, parainfluenza virus; RSV, respiratory syncytial virus.

Edin et al
copies per mL that corresponded to 100 plasmid copies per 25
mL of PCR reaction was prepared.

Primers Probes and qPCR Conditions

Primer and probe sequences for L. pneumophila, M. pneumo-
niae, M. catarrhalis, C. pneumoniae, S. aureus, PIV type 1
(PIV1), PIV2, RSV, and influenza A1 and B were obtained
from previous publications,3,12,15,20,22 and PCR conditions
were optimized for duplex reactions (Table 1).A new influenza
A H3 strain with point mutations in the target sequence of
primers and probes of the influenza A1 assay appeared during
the course of our work, and our qPCR assay was therefore
updatedaccording to the recommendations of thePublicHealth
Agency of Sweden (M. Brytting, unpublished data) to include
an assay-denoted influenza A2. Primers and probes for H.
influenzae and S. pneumoniae were already established as
uniplex qPCR assays for analysis of spinal fluid at our labo-
ratory but not published before. Primers and probes for S.
pyogeneswere constructedwith the Primer Express version 3.0
(Applied Biosystems, Life Technologies, Carlsbad, CA). All
probes used the hydrolysis technology with black hole
quenchers and fluorophores 6-carboxyfluorescein or VIC
(Applied Biosystems). The TaqMan Fast Advanced Master
Mix for DNA detection and the TaqMan Fast Virus 1-step
Master Mix for RNA detection were used for bacteria and
viruses, respectively (Applied Biosystems). Total reaction
volumewas 25 mL, consisting of 12.5/6.25 mL of 2�DNA/4�
RNAMaster Mix, primers, probes, nuclease-free water, and 5
mL of template or clinical specimen. All runs included tripli-
cates of no-template controls and duplicates of positive con-
trols.Amplification, detection, and analysiswere performed by
a 7900HT Fast Real-Time PCRSystem (Applied Biosystems).
The thermal profilewas 5minutes at 50�C, 20 seconds at 95�C,
and subsequently 45 cycles of 15 seconds at 95�C and 60
seconds at 60�C.
318
Tests of Analytical Specificity, Sensitivity, Efficiency,
and Reproducibility

Duplex qPCR assays were combined as described in
Table 1. Analytical specificity of primers and probes
was tested bioinformatically and experimentally with
primer BLAST27 and a test panel of 34 reference strains
(Supplemental Table S1), respectively. Limit of detection
was assessed as recommended,28 by serial dilution of linear
plasmid by using six replicates with concentrations of 20,
10, 5, 2, 1, and 0.1 copies per reaction, respectively. The
ability of the duplex assay to simultaneously detect both
agents targeted was tested by keeping one of the agents at
high concentration (104 copies per reaction) while testing
for the other agent. For PIV1 and PIV2 equal concentra-
tions were used. The limit of detection was defined as the
concentration at which all six replicates were detected, for
theoretical reasons five copies per reactions was set as
detection limit. An experiment was approved only if zero
to one of the six replicates in the 0.1 dilution were positive.
Efficiency was tested by dilution series of plasmid stan-
dards, ranging from approximately 1 to 105 copies per
reaction, with equal concentrations of both targets of the
duplex reaction. The analyses were performed in dupli-
cates or triplicates, and detection of at least five dilution
steps was required for an approved result. Standard curves were
generated by plotting the quantification cycle (Cq) value against
10-logarithm of the concentration. Linearity (R2 value) and
slope of the standard curvewas calculatedwith the data analysis
program SDS version 2.3 (Applied Biosystems). Reproduc-
ibility of assays were assessed by comparing positive control
results from 26 runs in two separate analysis batches performed
>6 months apart by two persons with the use of separate
plasmid preparations and dilution series. Relative SD of the Cq
values was calculated as a measure of stability. In addition,
reproducibility was assessed with clinical specimens spiked
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 1 Number of quantitative real-time PCR cycles between clinical
specimens and positive control spikes with the same amount of target
nucleic acid to reveal possible amplification inhibition. PIV, parainfluenza
virus; RSV, respiratory syncytial virus.

qPCR for Virus and Bacteria in Pneumonia
with low (nZ 5) or high (nZ 5) concentration of target DNA
or RNA and by using separate qPCR machines in five
consecutive runs on three different days. The relative SDs of the
Cq values were calculated as a measure of intrarun variability.

Tests of Inhibition

The presence and frequency of PCR inhibition was investi-
gated by analysis of 22 clinical nasopharyngeal aspirates
(NpAs) and 38 sputum specimens, as previously described.29

Specimens were spiked with 100 copies per reaction with each
of the plasmid standards, and the results were normalized to
the mean of the 100 copies per reaction positive controls from
the same run. Absence of signal or a normalized Cq value
>2.5 SD above the mean of the positive controls was
considered as inhibition. To verify that the method could
detect viruses in sputum, sputum specimens each with a vol-
ume of 350 mLwere spiked with100 mL from a NpA specimen
positive for either RSV or influenza A before nucleic acid
extraction and qPCR assay analysis were performed as
described in the sections DNA and RNA Extraction and
Primers Probes and qPCR Conditions, respectively.

Inclusion and the Handling of Clinical Specimens

Lower respiratory tract specimens (expectorated or induced
sputum) and upper respiratory tract specimens (NpA) sent
for respiratory infection diagnostics to the Clinical Micro-
biology Laboratory (Norrlands universitetssjukhus, Umeå,
Sweden) were consecutively included in the evaluation of
the qPCR assay. Sputum specimens with an original volume
of >0.5 mL, >25 leucocytes, and <10 epithelial cells per
100� power field as determined by Gram staining were
included. Sputum specimens were split into one portion for
standard tests and another for storage at �80�C until used
for evaluation by the qPCR assay. Before culture, specimens
The Journal of Molecular Diagnostics - jmd.amjpathol.org
were treated with a 1:1 volume of N-acetyl cysteine and
diluted 1:100 and 1:10,000 in phosphate-buffered saline.

Laboratory Workflow for Comparing the qPCR Assay and
Standard Microbiological Tests

The qPCR assay was run in small batches in parallel with
standardmicrobiological tests, but its results were not included
in the laboratory reports sent to the clinicians. The qPCR assay
results were compared with all available standard test results
that corresponded to the day of sampling and to the specimen
type, NpA, nasopharyngeal swab, or sputum. The standard
diagnostics at our laboratory usesNpA for detection of viruses,
M. pneumoniae, and C. pneumoniae, whereas nasopharyngeal
swab is used for other bacteria present in the upper respiratory
tract. Standard diagnostic work was performed by well-trained
clinical laboratory scientists in cooperation with senior con-
sultants in clinical microbiology. Standard tests were uniplex
qPCR for L. pneumophila,30 PIV1 to PIV3 (in-house method;
Y. Lidgren, unpublished data), and influenza A and B (as
recommended by the Public Health Agency of Sweden;
M. Brytting, unpublished data). A duplex qPCR was used as
the standard test forM. pneumoniae and C. pneumoniae.4 For
detection of S. pneumoniae, S. aureus, S. pyogenes, H. influ-
enzae, and M. catarrhalis, the standard test was semi-
quantitative bacterial culture of sputum and nasopharyngeal
swab according to Swedish reference methodology.31 Bacteria
were incubated on blood agar and chocolate agar at 37�C in
5% carbon dioxide atmosphere for 24 to 48 hours and iden-
tified according to standard phenotypical methods.31

Statistical Analysis

Raw data of the qPCRs were processed with SDS version
2.3 (Applied Biosystems). Further analyses and statistical
tests were performed with GraphPad Prism version 6
(GraphPad Software, Inc., La Jolla, CA) and Microsoft
Excel 2010 (Microsoft Corp., Redmond, WA). Pearson’s
c2 test, Fishers’ exact test, U-test, and analysis of variance
were used for comparison of proportions and comparison of
means, respectively. P < 0.05 was regarded as significant.
Positive and negative percentage of agreement and overall
accuracy were calculated according to recommendations by
the US Food and Drug Administration (http://www.fda.gov/
downloads/MedicalDevices/DeviceRegulationandGuidance/
GuidanceDocuments/ucm071287.pdf, last accessed December
15, 2014).

Results

Technical Performance of the qPCR Assay

Analysis of the sensitivity for a given target in the duplex re-
action revealed that the panel indicated good amplification
linearity, efficiency, and sensitivity for eachof the tested targets
(Table 2). The limit of detection for each of the targets varied
319
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Table 3 Result of the qPCR Assay Applied to Upper and Lower
Respiratory Tract Specimens

Organism and
specimen type*

Result of the qPCR assay

Positive, n Negative, n Cq means � SEM

M. pneumoniae
NpA 0 50
Sputumy 4 40 27.3 � 1.6

S. pneumoniae
NpA 5 45 32.2 � 2.3
Sputum 7 36 28.8 � 1.8

M. catarrhalis
NpA 8 42 32.1 � 1.5
Sputum 6 38 28.4 � 3.5

S. aureus
NpA 11 39 35.4 � 0.8
Sputum 15 29 33.5 � 1.3

S. pyogenes
NpA 5 45 32.5 � 1.4
Sputum 2 40 36.9 � 2.2

H. influenzae
NpA 4 46 38.3 � 2.1
Sputum 26 18 34.3 � 1.0

RSV
NpA 5 45 24.7 � 1.0
Sputum 0 44

Influenza A 1
NpA 13 37 31.0 � 1.1
Sputum 0 43

Influenza A 2
NpA 15 35 29.5 � 1.3
Sputum 0

*No positive results were obtained for L. pneumophila, C. pneumoniae,
PIV1 to PIV3, and influenza B.

yFor some organisms, the number of results for sputum is <44, because
the specimen volume was consumed so not all duplex reactions could be
completed.
Cq, quantitation value; NpA, nasopharyngeal aspirate; qPCR, quantitative

real-time PCR; RSV, respiratory syncytial virus.

Edin et al
between 5 and 20 copieswhen therewere approximately 1000-
fold differences in template concentrations. Reproducibility
tests found that the calculated relative SDs for all positive
controls (26 runs) were <5% (1.1% to 4.3%). The intrarun
variability was <2% in all assays, 0.1% to 1.8% in high-
positive samples and 0.2% to 1.2% in low-positive samples.

PCR amplification inhibition by using clinical specimens
spiked with control plasmids was low for all agents, with
variations in Cq values of <2 cycles compared with the
positive control (Figure 1). Substantial inhibition was present
for 2 of 38 sputum specimens tested with 9 of 14 and 7 of
14 detection systems inhibited, respectively. In two addi-
tional sputum specimens and one NpA specimen, results
for 1 of the 14 detection systems were >2.5 SD above the
mean of the positive controls, indicating a presence of
limited inhibition. In the evaluation of the assay perfor-
mance for detection of virus in sputum, we found that sputum
specimens spiked with influenza A- or RSV-containing NpA
specimens were positive at 25.9� 0.6 (nZ 5) and 27.7� 1.1
(n Z 5) cycles, respectively.

Findings by Standard Microbiological Tests

Among sputum specimens consecutively collected between
October 10, 2011, andNovember 24, 2011, 44were eligible for
inclusion. Patient median age was 63.5 years (range, 17 to 83
years; n Z 44), with male/female distribution of 12/32. Stan-
dard bacterial cultures identified a common respiratory path-
ogen in 12 specimens: S. pneumoniae (nZ 3),M. catarrhalis
(n Z 1), S. aureus (n Z 3), and H. influenzae (n Z 5). In
addition,Klebsiella spp.were identified in three specimens and
Exophiala dermatitidis in one specimen. Fifty NpA specimens
were consecutively collected between January 2, 2013, and
January 18, 2013. Patient median age was 60.5 years (range,
0 to 93 years; nZ 50), with male/female distribution of 29/21.
Nasopharyngeal swab bacterial culture results were available
for 14 specimens, with findings of S. pneumoniae (n Z 2),
M. catarrhalis (n Z 1), and H. influenzae (n Z 1). Standard
qPCR results were available for influenza A and B in 48 of 50
specimens, for PIV1 to PIV3 in 10 of 50, forC. pneumoniae in
10 of 50, forM. pneumoniae in 10 of 50, and for RSV in 12 of
50. The positive identifications wereM. pneumoniae (nZ 2),
RSV (n Z 3), and influenza A (n Z 17). No standard diag-
nostic tests for L. pneumophila were performed.

Causative Findings by Use of the qPCR Assay

The results of the qPCR assay are shown in Table 3.
H. influenzae was the most common finding detected in 26 of
44 sputum specimens and 4 of 50 NpA specimens. Notably,
Cq mean values were high, indicating relatively low numbers
of bacteria in many specimens. Similarly, S. aureus was also a
common finding and likewise displayed high Cq mean values.
A single agent was identified in 16 of 44 sputum specimens
and in 16 of 50 NpA specimens. Two agents were detected in
14 of 44 sputum specimens and in 16 of 50 NpA specimens,
320
and three agents were detected in 4 of 44 sputum specimens
and 1 of 50 NpA specimens. Four agents were identified in a
single sputum specimen. The qPCR assay was negative for 9
of 44 sputum specimens and 17 of 50 NpA specimens.
Comparison of Methods

Measures of agreement between results of standard microbi-
ological tests and the qPCR assay are shown in Table 4.
Positive percentage of agreement varied between 60.0% for
S. pneumoniae and 100% forM. pneumoniae,M. catarrhalis, S.
aureus, and RSV. Negative percentage of agreement exceeded
95%forM.pneumoniae,S. pyogenes,RSV, and influenzaAand
was lowest, 55.8%, for H. influenzae.
Overall, the qPCR assay detected higher numbers of mi-

crobial agents compared with standard diagnostic methods,
with a total of 113 and 38 agents, respectively. The difference
in diagnostic yield in large part resulted from the panel design
of the qPCR assay constantly targeting eight bacterial and six
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Table 5 Comparison of Diagnostic Outcomes of the qPCR Assay
and Standard Diagnostics Applied to Patients Sampled by NpA
(n Z 50) and Collection of Sputa (n Z 44)

Assay

Positive by the qPCR
assay, n

Positive by standard
tests, n

Total Unique findings* Total Unique findings*

M. pneumoniae 4 2 2 0
S. pneumoniae 12 9 3 2
M. catarrhalis 12 10 2 0
S. aureus 26 22 4 0
S. pyogenes 7 6 1 0
H. influenzae 31 26 6 1
RSV 5 2 3 0

Table 4 Findings of Agreement and Overall Accuracy between
the qPCR Assay and Standard Microbiological Tests

Assay*
PPA,
% (95% CI)

NPA,
% (95% CI)

Accuracy,
%

M. pneumoniae 100.0 (15.8e100) 100.0 (63.1e100) 100.0
S. pneumoniae 60.0 (14.7e94.7) 84.9 (72.4e93.3) 82.8
M. catarrhalis 100.0 (15.8e100) 89.3 (78.1e96.0) 89.7
S. aureus 100.0 (29.2e100) 69.1 (55.2e80.0) 70.7
S. pyogenes 96.5 (87.9e99.6) 96.6
H. influenza 83.3 (35.9e99.6) 55.8 (41.3e69.5) 58.6
RSV 100.0 (29.2e100) 100.0 (66.4e100) 100.0
Influenza A 1 76.5 (50.1e93.2) 100.0 (89.4e100) 92.0
Influenza A 2 88.2 (63.6e98.5) 100.0 (88.8e100) 96.0

*L. pneumophila, C. pneumoniae, parainfluenza virus type 1 to type 3,
and influenza B are not shown, because of lack of positive findings.
NPA, negative percentage of agreement; PPA, positive percentage of

agreement; qPCR, quantitative real-time PCR; RSV, respiratory syncytial virus.
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viral agents compared with standard diagnostic tests variably
being applied to respiratory specimens from the corresponding
patients. Of the 50 NpA specimens tested with the qPCR
assay, 33 were analyzed by standard tests for specific viruses
or M. pneumoniae and C. pneumoniae, but no corresponding
respiratory specimens were tested for the presence of other
bacteria. Nineteen additional observations of bacteria resulted
from using the qPCR assay. Of 44 sputum specimens, 38 were
tested by standard culture test, but no corresponding tests were
performed for identifying viruses or difficult-to-culture bacte-
ria. Two additional M. pneumoniae but no additional obser-
vations of viruses resulted from using the qPCR assay.
Generally, the increase in detection rate by the qPCR assay
was most pronounced for H. influenzae, S. aureus, M. pneu-
moniae, and RSV (Table 5 and Supplemental Table S2).

Unique observations by the qPCR assay versus the standard
tests and vice versa are highlighted in Table 5. Notably, two of
five specimens were positive for RSV and two of four speci-
mens were positive for M. pneumoniae by the qPCR assay
only. Analysis ofmeanCq values for positive identification by
the qPCR assay found that specimens culture-positive for H.
influenzae or S. aureuswere significantly lower than values of
culture-negative specimens, (P Z 0.0005 and P Z 0.0088,
respectively), suggesting that high Cq values represent
numbers of bacteria below the detection limit of culture (data
not shown). Two of five culture-positive sputum specimens
were false negative by the qPCRassay for S. pneumoniae. One
of them was also false negative for H. influenzae and positive
in the inhibition control assay, indicating the presence of a
potent inhibiting substance. In addition, two NpA specimens
were false negative for influenza A by the qPCR assay, both
with Cq values of >36 cycles in the standard qPCR test,
indicative of low viral RNA abundance.
Influenza A 1 13 0 17 4
Influenza A 2 15 0 17 2

*Unique to the qPCR assay or standard tests, respectively. Note that by
standard testing, some organisms were sometimes not clinically suspected
and consequently were not tested.
qPCR, quantitative real-time PCR; RSV, respiratory syncytial virus.
Discussion

With the aim to develop a qPCR assay to provide clinically
useful information for a physician to evaluate CAP patients,
The Journal of Molecular Diagnostics - jmd.amjpathol.org
we developed a panel that targeted eight bacteria and six vi-
ruses. The performance of the assay was evaluated with
spiked samples and clinical respiratory specimens. This
resulted in a qPCR assay that showed high technical perfor-
mance and, in addition, showed superior overall performance
compared with the standard diagnostic methods used at our
laboratory. Microorganisms commonly regarded as clinically
relevant were identified by the new assay but not by standard
tests. Importantly, the main difference was not only because
of a higher sensitivity of the new qPCR assay compared with
standard tests. The improved performance resulted largely
from the change of the diagnostic approach; standard diag-
nostic testing involved clinical decisions on including or
excluding specific test, whereas the new assay approach relied
on analysis of a panel of causes relevant to the evaluation of
all patients with suspected CAP. A distinct advantage of the
new assay was that common causes of CAP were not dis-
regarded because of nontypical clinical presentations.

There is a challenge when designing a diagnostic PCR
assay to find an appropriate balance between technical
performances on the one hand and the usability and cost on
the other hand. We have designed this assay such that the
high demands of diagnostic performance could be com-
bined with ease of use at an acceptable cost. Clinical spec-
imens are analyzed in duplicate with our protocol as means
of providing technical control of pipetting or other potential
handling errors during pre-PCR processing. Downscaling
to one reaction per sample would be a simple task if this is
preferred at other laboratories. We strongly endorse, how-
ever, to not compromise the inclusion of external positive
controls and the negative no-template controls to ensure
proper quality control.

The qPCR assay uniformly detected <20 gene target
copies per reaction, and most importantly this was true for
both agents targeted in each PCR reaction, even when there
321
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was a 1000-fold difference in target DNA copy numbers. It
is well known that a potential limitation of all diagnostic
PCR assays is poor amplification efficiency that may result
from inhibitory substances in the biological material
analyzed, interfering with the DNA preparation step or the
PCR amplification step. As should be expected in well-
designed assays, we noted stable and uniform amplifica-
tion efficiency of >90% for all microbial DNA targets in
the dilution experiments performed with linear plasmids,
but, most importantly, the inhibition rate was low in the
evaluation of clinical specimens. Extensive inhibition was
identified in only 2 of 38 sputum specimens, and minor
inhibition was observed as an increased Cq value in one of
the duplicate reactions for 2 of 38 sputum specimens and 1
of 22 NpA specimens. In support of such reasoning, we
found that even for the two sputum specimens with sub-
stantial inhibition of the amplification of some target; all
other targets were still amplified.

There is currently a knowledge gap about the role of co-
infections in patients with symptoms of CAP, and we hope
that the availability of assays like the one developed here
will help fill the gap. Some reports have indicated clinical
implications of co-infection in children and in adults,32e34

whereas others suggest little effects of co-infection on
disease severity and outcome.35,36 More studies are clearly
needed on this topic to ensure that future patients with a
suspicion of CAP or other respiratory infections receive the
best possible treatment.

Evaluating the qPCR assay on consecutively collected
sputum or NpA specimens found an added value of
combining the detection of bacteria and viruses in the same
assay. Compared with the more traditional strategy of
analyzing respiratory specimens for either bacterial or viral
causes, the combined approach showed superior detection
of agents that are regarded as clinically relevant. Thus, the
added value was a combination of the high sensitivity of
qPCR assays in general, and, in particular, the fact that
infectious agents were detected which were not initially
suspected. It was evident that bacteria were detected more
often by the qPCR assay than by standard tests as exem-
plified by the detection of S. pneumoniae in 12 specimens
by the former assay but only in five specimens by the
standard culture method. The superior performance of the
qPCR assay of detecting S. pneumoniae applied to both
nasopharyngeal and sputum specimens, but especially so
for sputum, and, notably, the Cq mean values of the latter
were often low, indicating that several culture-negative
specimens contained abundant S. pneumoniae-specific
nucleic acids. These findings indicate that PCR-based
methods may be preferable to culture-based methods for
detection of S. pneumoniae in sputum, and this is note-
worthy because it is the most important CAP pathogen.
Likewise, the qPCR assay was superior for detection of
RSV and M. pneumoniae, and in this case it was obvious
that the change in the diagnostic approach provided the
advantage. The additional detections of RSV and M.
322
pneumoniae were in NpA and sputum specimens, respec-
tively, and occurred at low Cq values, indicating abundant
nucleic acids. These two agents were not targeted by the
standard tests performed, although they, in retrospect,
likely were clinically relevant.
We selected eight bacteria and six viral agents to be

included in the new assay on the basis of a judgment that
these would be the most important agents to test for in all
patients with CAP admitted to hospital. This selection may
be questioned, and we acknowledge that there are several
other targets that could be included in a panel relevant to the
evaluation of CAP patients. We believe, however, that the
agents selected represent a reasonable compromise of agents
that are interesting for inclusion and exclusion purposes at
the evaluation of suspected CAP. Naturally, additional mi-
crobial agents should be targeted in, for example, situations
with severe disease at the intensive care unit, when there is
an epidemiology to suggest a spread of highly pathogenic
corona viruses, for patient populations with chronic lung
disease, or when long-term hospitalized patients are sus-
pected with respiratory infection.
The strengths of this study include the high technical

performance of the assay, and that the evaluation and
comparison between the new assay and the standard diag-
nostic approach generally found good agreement with
enhanced capabilities of the new assay to detect microbial
agents commonly regarded as clinically relevant, for
example, S. pneumoniae, M. pneumoniae, and RSV. Limi-
tations of the study include the fact that the study design
precluded an effective evaluation of the clinical relevance of
the microbial findings. The relevance of, for example, an
increased detection of S. aureus and H. influenzae by the
qPCR assay is uncertain. Findings of S. aureus by the
standard culture method in respiratory specimens are by
clinical tradition and experience regarded important only in
a few scenarios, for example, in chronic lung disease or
with concomitant severe influenza A pneumonitis. Conse-
quently, an increased detection by the new assay may or
may not be relevant. Likewise, some clinicians may argue
that the clinical value of increased detection ofH. influenzae
is uncertain.37
Conclusion

The results of this study suggest that the application of a
qPCR assay to in parallel detect both bacterial and viral
agents in respiratory specimens from CAP patients is
feasible. The qPCR approach confers the obvious advantage
of being much more rapid than standard microbiological
methods and was found to be technically robust with good
sensitivity for clinical specimens. In addition, an obvious
and important clinical advantage is the panel-based strategy.
This minimizes the risk that the causative search is biased
by overlapping clinical presentations of distinct causes.
Importantly, the assay can easily be modified, and additional
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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target panels can be included to detect other causes, for
example, those relevant for hospital-acquired pneumonia.
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