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Rapid identification of pathogens involved in pediatric
osteoarticular infections by multiplex PCR
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Background: Delays in the diagnosis of pediatric osteoarticular infections (OAls) can cause associated
acute complications or long-term morbidity. This study attempts to develop a multiplex PCR-based assay
that can rapidly and accurately detect the main pathogens involved in pediatric OAIs, namely, methicillin-
sensitive or methicillin-resistant Staphylococcus aureus, Streptococcus pyogenes and Pseudomonas aeruginosa.
Methods: A set of four gene-specific primers suitable for use in a one-tube PCR assay was designed to
detect four common pathogens involved in pediatric OATs, namely, zuc for methicillin-sensitive Staphylococcus
aureus, nuc and mecA for methicillin-resistant Staphylococcus aureus, spyM for Streptococcus pyogenes and orpl for
Pseudomonas aeruginosa. The multiplex PCR was first evaluated with 39 isolated clinical strains and further
with 41 specimens collected from patients suspected of having OAIs.

Results: Specific primer pairs were successfully designed, and the targeted genes were simultaneously
amplified. The product sizes in the assay for nuc, mecA, spyM and oprl were 233, 158, 336 and 109 bp,
respectively. Evaluation of the multiplex PCR with 39 isolated clinical strains and 41 specimens revealed
100% sensitivity and 100% specificity. The limit of detection of the multiplex PCR assay was approximately
1x10* CFU at the bacterial cell level.

Conclusions: This newly developed multiplex PCR assay, without sequencing, enables a rapid and accurate
diagnosis of the major bacterial species in children with OAIs and might serve as an additional diagnostic

approach for urgent pathogen determination.
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Introduction

Osteoarticular infections (OAls) in children are relatively
rare but must be diagnosed and treated urgently due to
the risk of prolonged morbidity and long-term functional
sequelae. OAIs in children comprise a spectrum of
disorders depending on the localization of infection, such
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as osteomyelitis, arthritis and a combination of both. The
reported incidence of osteomyelitis in developed countries
varies between 1 and 13 per 100,000 population, with
higher values of up to 200 per 100,000 being reported for
developing countries (1). Pediatric articular infections are

rare, with an incidence of 1 per 100,000 being reported
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in the developed world over the past few decades (2) and
much higher rates in developing regions (3). Due to the
risk of severe acute complications or long-term functional
sequelae without early appropriate treatment, OAls could
be important diseases to identify.

Rapid identification of the causative pathogens can
contribute to the early rational use of antibiotics, shorten
healing time, reduce cost, and minimize iatrogenically
caused bacterial resistance. The common and important
causative pathogens for OAls are Staphylococcus aureus
(S. aureus), Kingella kingae (K. kingae), Streptococcus pyogenes
(S. pyogenes) and Pseudomonas aeruginosa (P. aeruginosa)
(1,4-7). S. aureus has been reported as the most common
pathogen in pediatric OAls, being detected in 70-90% of
the culture-positive cases (1), among which methicillin-
resistant S. aureus (MRSA) accounts for approximately
50% of the cases (8). In Western countries, K. kingae is a
common cause of OAIs, but it is rarely detected in Chinese
patients (7,9-11). S. pyogenes is also the commonly identified
causative bacterium in older children and is considered
exquisitely susceptive to antibiotics, resulting in a low
culture-positive rate in antibiotic-pretreated patients (12).
P. aeruginosa is a relatively underreported gram-negative
pathogen in pediatric osteomyelitis but is virulent and likely
to develop antibiotic resistance (6,13).

Routine culture remains the gold standard for the
pathogen diagnosis in OAls (14). However, it is always
time consuming and has low sensitivity, particularly for
fastidious, slow-growing or uncultured bacteria or bacteria
from patients pretreated with antibiotics. Molecular tests
such as conventional 16S rDNA polymerase chain reaction
(PCR) combined with DNA sequencing could provide a
faster and more accurate result in this scenario and have
been widely used in Western countries (14-17). For centers
capable of DNA sequencing in house, the turnaround time
(TAT) for bacterium-positive samples can be controlled
within 24 hr. However, for centers without sequencers, for
which the samples need to be sent out for sequencing, TAT
may vary from 24 to 72 hr, depending on the location of
the center. Therefore, a more rapid, convenient and specific
molecular method is urgently needed.

In the present study, we developed a multiplex PCR-
based diagnostic assay, which was rapid and gave results
within 4 hr, for the major pathogens, namely, MSSA,
MRSA, S. pyogenes and P. aeruginosa, in pediatric OAls
according to the literature and evaluated this new assay in
a series of isolated clinical strains and specimens collected
from children hospitalized for OAIs.
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Methods
Bacterial strains and clinical specimens

The isolated bacterial strains used in the present study were
obtained from the Microbiology Department at Shanghai
Children's Medical Center (SCMC, Shanghai, China).
These isolated strains were inoculated onto blood agar or
chocolate agar and incubated at 37 °C (with 5% CO, for
S. pyogenes) for 24 hr.

A total of 41 clinical specimens (including bone tissue,
pus, synovial fluid and bone marrow) were collected from
patients suspected of having OAls (with fever, swelling,
pus, bone pain, and/or limited limb movement, the increase
of CRP, ESR and leukocyte, the abscess and effusion of
the joint by MRI) and admitted to the SCMC between
December 2015 and December 2017. Two samples were
generally obtained; one was subjected to the Microbiology
Department of SCMC for conventional bacterial tests,
including culture, Gram stain, colony morphology,
biochemical profile and antimicrobial susceptibility, and
the genome of the other was extracted for 16S rDNA PCR
assay and stored at =20 °C for subsequent multiplex PCR
analysis.

16S rDNA PCR analysis

The sequences 5'-AGAGTTTGATCCTGGCTCAG-3'
and 5'-GGTTACCTTGTTACGACTT-3" were used
as the forward and reverse primers, respectively, for 16S
rDNA PCR amplification. The PCR mixture consisted of
Ix Ex Taq buffer (with 20 mM MgCl,), 5 mM each dNTP,
10 pmol of each primer, and 1 U of DNA polymerase (Ex
Taq HS DNA polymerase, Takara, Komatsu, Japan). The
thermal cycling conditions used were the following: 94 °C
for 5 min; 35 cycles of 94 °C for 20 s, 60 °C for 20 s, and
72 °C for 90 s; and 72 °C for 5 min. The resultant amplicon
was 1.5 kb. The PCR products were purified using a
QIAquick PCR purification kit (Qiagen, Hilden, Germany)
and then sent for sequencing (Beijing Genomics Institute,
Beijing, China). The sequences obtained were aligned with
sequences in the GenBank database for species assignment.

Primer design for the multiplex PCR assay

In the present study, a new multiplex PCR assay was
designed to simultaneously detect the four major pathogens
in pediatric OAIs: MSSA, MRSA, S. pyogenes and
P. aeruginosa. The nuc, spyM and oprl genes were used to
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Bacteria Gene Forward primer sequence (5'-3') Reverse primer sequence (5'-3') Product size (bp)
MSSA nuc 5'-AGATAACGGCGTAAATAGAAGTGG-3' 5'-TAAATGCACTTGCTTCAGGACCATA-3' 233
MRSA mecA  5'-GTAGAAATGACTGAACGTCCGATGA-3' 5'-ACGTTGCGATCAATGTTACCG-3' 158
S. pyogenes  spyM 5'-CCACGACTAATGTCAGCTTGCTCA-3' 5'-GGGACTTGATGTTGGCTCGAAAACG-3' 336
P. aeruginosa  oprl 5'-AGCAGCCACTCCAAAGAAACC-3' 5'-CCAGAGCTTCGTCAGCCTTG-3' 109

PCR, polymerase chain reaction; MSSA, methicillin sensitive Staphylococcus aureus; MRSA, methicillin resistant Staphylococcus aureus.

Isolated strains

Clinical specimens

500 bp

250 bp

100 bp

~a— spyM
-.— nuc

~a— MecA
~a— oprl

Figure 1 A representative result of the agarose gel electrophoresis showing multiplex PCR amplification products from isolated strains

and partial clinical specimens. *, amplicons for nuc, mecA, spyM and oprI were first amplified respectively and then mixed in the same tube; ",

specimen detected with other bacteria; °, specimen detected as bacteria negative. PCR, polymerase chain reaction.

target S. aureus, S. pyogenes and P. aeruginosa, respectively,
while the mecA gene was used to differentiate MRSA from
MSSA (18-21). Specific primer sets (synthesized by the
Beijing Genomics Institute, Beijing, China) targeting the
conserved regions of nuc, mecA, spyM or oprl were designed
(Primer Premier Ver.5.0, Canada) based on the sequences
obtained from the GenBank database, yielding products
of 233, 336, 109 and 158 bp, respectively. The specificity
of the designed primers was confirmed by BLAST at the
GenBank website (http://www.ncbi.nlm.nih.gov/BLAST).
The detailed information is listed in Table 1.

Multiplex PCR assay

A mixture of DNAs from four clinical strains, namely,
MSSA (nuc), MRSA (nuc and mecA), S. pyogenes (spyM) and
P. aeruginosa (oprl), that contained the four genes of interest
was used as a positive control. DNase-free distilled water
was used as a negative control (Figure I).

Noucleic acid was extracted from each strain or specimen
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using a QIAamp DNA mini kit (Qiagen, Hilden, Germany).
The optimized concentration of primers for each gene
(0.3 pM for nuc, 0.4 pM for mecA, 0.15 pM for spyM and
0.3 pM for oprl) was used in the multiplex PCR. The other
components used in the PCR were 1x Multiplex PCR
Buffer (with Mg’* and dN'TPs) and 1 U of Multiplex PCR
Enzyme Mix (Multiplex PCR Assay Kit Ver.2, Takara,
Komatsu, Japan) in a 25 pL. PCR system. PCR was carried
out using a Verity Thermal Cycler (Applied Biosystems,
Foster, US), and the conditions used were the following:
94 °C for 5 min; 35 cycles of 94 °C for 20 s, 60 °C for
20 s, and 72 °C for 20 s; and then 72 °C for 5 min. The PCR
products were analyzed by electrophoresis on 1.5% Tris-
acetate-EDTA (TAE) agarose gels. PCR products were
visualized under UV illumination and photographed using
an image analyzer (Tanon, Shanghai, China).

Evaluation of the multiplex PCR assay

The specificity of multiplex PCR was first analyzed using
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Figure 2 Detection limit for CFU by multiplex PCR. The limit of detection for MSSA, MRSA, Streptococcus pyogenes and Pseudomonas

aeruginosa was evaluated using various concentrations of bacterial suspension starting from 10 CFU to 10° CFU respectively. *, amplicons

for nuc, mecA, spyM and oprl were first amplified respectively and then mixed in the same tube. PCR, polymerase chain reaction; MSSA,

methicillin sensitive Staphylococcus aurens; MRSA, methicillin resistant Staphylococcus aureus.

the genomic DNA extracted from 39 isolated clinical strains
and 3 human genome samples. The limit of detection (LoD)
was evaluated using various concentrations of a bacterial
suspension, ranging from 10 CFU to 10’ CFU, obtained
from isolated strains. The multiplex PCR was further
evaluated with 41 specimens with suspected OAls and then
compared with the results from conventional bacterial

culture and 16S rDNA PCR.

Discrepancy analysis

All samples were analyzed using multiplex PCR, culture and
16S rDNA PCR. A multiplex PCR result was considered
a true positive (TP) or true negative (I'N) only when it
agreed with the results from bacterial culture or 16S rDNA
PCR. Otherwise, the result was judged to be a false positive
(FP) or false negative (FN).

Statistical analysis

Statistical analysis was performed using SAS statistical
software (Ver.8.2). The overall percentage of agreement
(OPA) was calculated as previously described (22). Briefly,
the OPA was calculated as [(TP + TN)/(TP + TN + FP
+ FN)] x100%. The sensitivity, calculated as TP/(TP +
FN), and specificity, calculated as TN/(TN + FP), were
compared for all tests.

Results
Establishment and optimization of a multiplex PCR assay

In the present study, stepwise optimization of primer
concentration, annealing temperature and different
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multiplex PCR assay kits was carried out. The optimized
concentrations of primers were 0.3, 0.4, 0.15 and 0.3 pM
for nuc, mecA, spyM and oprl, respectively. The multiplex
PCR assay showed the best results at a 60 °C annealing
temperature when the Takara Multiplex PCR Assay Kit Ver.2
was used. No nonspecific products were amplified from
the genomic DNA of the four target pathogens (Figure I).
Further investigation showed that the LoD of the assay
was approximately 1x10° CFU at the bacterial cell level
(Figure 2).

Verification of the multiplex PCR assay with isolated
clinical strains

A collection of 39 isolated clinical strains identified by the
Microbiology Department, namely, 8 MRSA strains, 8
MSSA strains, 2 Staphylococcus epidermidis (S. epidermidis)
strains, 2 Staphylococcus baemolyticus (S. haemolyticus) strains, 2
Streptococcus pneumoniae (S. pnewmoniae) strains, 7 S. pyogenes
strains and 10 P. aeruginosa strains, were used to verify
the specificity of the multiplex PCR assay. To test cross-
reactivity, negative controls involving 6 other commensal
or pathogenic bacteria and 3 human DNA samples were
included. All of the isolated clinical MSSA strains were
positive for nuc by the multiplex PCR, and all of the MRSA
strains were simultaneously positive for nuc and mecA. One
S. epidermidis strain and both S. haemolyticus strains showed
positive results for the mecA gene, but given the negative
results for the nuc gene, these strains could be distinguished
from MRSA. All the S. pyogenes and P. aeruginosa strains
were positive for oprl and spyM, respectively. The remaining
3 clinical strains and human DNA were negative (Table 2).
Overall, the multiplex PCR assay showed 100% analytical
specificity in detecting the isolated clinical strains.
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Verification of the multiplex PCR assay with clinical
specimens

In addition to testing with the isolated clinical strains, the
assay was further retrospectively validated with 41 randomly
selected specimens collected from patients suspected of
having OAIs, the genomes of which were stored at -20 °C.
Among the 41 specimens, the multiplex PCR assay yielded
18 positive results (43.9%), 3 MSSA (7.3%), 9 MRSA
(22.0%), 5 S. pyogenes (12. 2%) and 1 P. aeruginosa (2.4%).
In comparison, the overall positive rate of standard bacterial
culture was 31.7% (13/41), with the same detection rate
for MSSA, MRSA and P. aeruginosa, but no detection for S.
pyogenes (Lable 3).

A total of 164 individual multiplex PCR analyte tests
were performed for the 41 samples (for each sample, 4
bacterial tests were included: MSSA, MRSA, S. pyogenes
and P. aeruginosa). The OPA between the multiplex PCR
and culture was 97% (159/164). For the individual targets,
relative to culture, the multiplex PCR had a 100% OPA
for MSSA, MRSA and P. aeruginosa and an 87.8% OPA for
S. pyogenes (Table 3).

For the targeted bacterial species included in the assay,
5 out of the 41 samples showed discrepant results between
the multiplex PCR assay and standard culture. All 5 of these
discrepant samples were detected as S. pyogenes positive
by multiplex PCR and 16S rDNA PCR but negative by
culture. Therefore, these 5 S. pyogenes-positive samples
were considered true positive cases (1able 4). The diagnostic
accuracy of the multiplex PCR for the four target bacterial
species among the 39 isolated clinical strains and 41 clinical
specimens was found to have 100% sensitivity and 100%
specificity.

Discussion

"To rapidly diagnose the most important causative pathogens
in Chinese pediatric OAI cases, we developed a multiplex
PCR assay for MSSA, MRSA, S. pyogenes and P. aeruginosa
in the present study. The LoD of the assay was 1x10° CFU
at the bacterial cell level, illustrating the high analytical
sensitivity of the assay (23). In addition, differentiation
of MSSA and MRSA by the multiplex PCR assay, which
typically takes more than one day for routine culture and
cannot be achieved by 16S rDNA PCR, will also contribute
to the early rational use of antibiotics and surgical
debridement. Therefore, this multiplex PCR-based assay
can identify the bacteria causing pediatric OAls, with the
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advantages of rapidity and specificity.

In this study, the detection results from the multiplex
PCR assay were compared to the results obtained by routine
culture, and the discrepant results between the two methods
were analyzed. Five S. pyogenes-negative samples according
to culture were detected as positive by multiplex PCR assay
and 16S rDNA PCR; therefore, these 5 pyogenes-positive
samples according to multiplex PCR assay were considered
true positive. Overall, our data suggest a higher sensitivity
of molecular diagnosis than that of routine culture, which
is consistent with previous study (23). In addition to the
four target bacterial species, 1 sample was also detected
as Enterobacter cloacae positive by culture, which is not
analyzed in the multiplex PCR assay. In total, 94.7% (18
of 19) of bacteria could be identified using the multiplex
PCR assay. Additionally, the cost of the multiplex PCR
assay was approximately USD 10, which is comparable to
that of culture.

It is worth noting that the bacterial spectrum involved
in OAIs may vary in different regions and time periods.
Lemaitre et al. reported a decreased incidence of OAls
caused by S. pneumonia in the Paris area over a 10-year
period after the introduction of vaccination in France (24).
Haemophilus influenza was the second most common cause
of acute bacterial arthritis before an effective vaccine, but it
is now rarely reported in well-immunized populations (25).
Some studies have demonstrated that K. kingae is also a
common cause of OAls in children from Western countries,
but it is rarely detected in pediatric OAls in some countries,
such as China and Africa (9-11,26). Consistently, no
K. kingae has been detected by either using 16S rDNA PCR
or conventional PCR targeting the specific gene ¢pn60 of
K. kingae in our 41 clinical samples in the present study
(data not shown). Therefore, the multiplex PCR assay in
the present study is designed as a flexible system in which
the primer pairs can be optionally added or removed
according to the bacterial species and adjusted with
regions and times. Additionally, the assay is an auxiliary
test for early diagnosis rather than a replacement method
for routine culture.

The present study also has some limitations. First, our
assay only detects four clinically significant bacteria. Other
bacteria that have been detected in the clinic, although
not frequently, such as Salmonella enterica and Enterobacter
cloacae, are not included in the assay. Second, due to the low
incidence of OAls, the sample size in the present study is
relatively small. The clinical application of the assay should
be further validated in additional OAI patients.
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Table 2 Bacterial species and strains used in this study and results of the multiplex PCR assay

Multiplex PCR result for

Strain No. Reference strain®
nuc® mecA® spyM*® oprl®

1 MRSA' + + — _
2 MRSA + + — _
3 MRSA + + - —
4 MRSA + + - _
5 MRSA + + — _
6 MRSA + + _ _
7 MRSA + + - _
8 MRSA + + - _
9 MSSA + - - _
10 MSSA + - - —
1 MSSA + - - -
12 MSSA + - - -
13 MSSA + - - _
14 MSSA + - - _
15 MSSA + - - —
16 MSSA + - - -
17 Staphylococcus epidermidis - + - -
18 Staphylococcus epidermidis - - - _
19 Staphylococcus haemolyticus - + - _
20 Staphylococcus haemolyticus - + - _
21 Streptococcus pneumoniae - - - _
22 Streptococcus pneumoniae - - - _
23 Streptococcus pyogenes - - + _
24 Streptococcus pyogenes - - + -
25 Streptococcus pyogenes - - + _
26 Streptococcus pyogenes - - + _
27 Streptococcus pyogenes - - + _
28 Streptococcus pyogenes - - + _
29 Streptococcus pyogenes - - + -
30 Pseudomonas aeruginosa - - - +
31 Pseudomonas aeruginosa - - - +
32 Pseudomonas aeruginosa - - - +
33 Pseudomonas aeruginosa - - - +
34 Pseudomonas aeruginosa - - - +

Table 1 (continued)
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Table 1 (continued)

Multiplex PCR result for

Strain No. Reference strain®
nuc® mecA°® spyM® oprl®

35 Pseudomonas aeruginosa - - - +
36 Pseudomonas aeruginosa - - - +
37 Pseudomonas aeruginosa - - - +
38 Pseudomonas aeruginosa - - - +
39 Pseudomonas aeruginosa - - - +
40 Human genome 1 - - - -
41 Human genome 2 - - - -
42 Human genome 3 - - - -

2 clinical isolates obtained from the Microbiology Department of SCMC; °, to detect S. aureus; °, to identify methicillin-resistance; ¢, to
detect S. pyogenes; °, to detect P. aeruginosa; ", only be confirmed when both nuc and mecA are positive; +: positive result; —: negative
result. PCR, polymerase chain reaction; MSSA, methicillin sensitive Staphylococcus aureus; MRSA, methicillin resistant Staphylococcus
aureus.

Table 3 Agreement analysis between multiplex PCR and culture in detecting MSSA, MRSA, S. pyogenes and P. aeruginosa obtained from clinical

samples
No. of results®
Pathogen identified OPA (%) (95% CI)
C+/M- C—/M+ C+/M+ C—/M-

MSSA 0 0 3 38 100 (100-100)
MRSA 0 0 9 32 100(100-100)
S. pyogenes 0 5 0 36 87.8 (77.8-97.8)
P. aeruginosa 0 0 1 40 100 (100-100)
Total 0 5 13 23 87.8 (77.8-97.8)

C, culture; M, multiplex PCR. OPA, overall percentage of agreement; +: positive result; —: negative result. PCR, polymerase chain reaction;
Cl, confident interval; MSSA, methicillin sensitive Staphylococcus aureus; MRSA, methicillin resistant Staphylococcus aureus.

Table 4 Discrepant analysis for clinical samples with discordant results

No.  Multiplex PCR Culture 16S rDNA PCR Clinical diagnosis from medical records Final resolution of multiplex PCR
1 S. pyogenes Negative S. pyogenes Arthritis True positive
2 S. pyogenes Negative S. pyogenes Arthritis True positive
3 S. pyogenes Negative S. pyogenes Arthritis True positive
4 S. pyogenes Negative S. pyogenes Arthritis True positive
5 S. pyogenes Negative S. pyogenes Arthritis True positive

PCR, polymerase chain reaction.
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Conclusions

In summary, our study demonstrates the development of a
multiplex PCR assay that can simultaneously and rapidly
identify the four most common bacterial species causing
pediatric OAIs at the genus level in a single test. The assay
was highly sensitive and specific and could provide results
within 4 hr, thus allowing clinicians to initiate precise early
antibiotic treatment. Therefore, the assay could be used
as an effective supplemental diagnostic tool for bacterial
detection in OAls. Further studies are needed to evaluate
the cost effectiveness of the present test and, in the long
term, the impact of this assay on the clinical outcomes of
OAI patients.
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