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ABSTRACT Accurate and rapid identification of methicillin-resistant Staphylococcus
aureus (MRSA) is needed to screen MRSA carriers and improve treatment. The cur-
rent widely used duplex PCR methods are not able to differentiate MRSA from coex-
isting methicillin-susceptible S. aureus (MSSA) or other methicillin-resistant staphylo-
cocci. In this study, we aimed to develop a direct method for accurate and rapid
detection of MRSA in clinical samples from open environments, such as nasal swabs.
The new molecular assay is based on detecting the cooccurrence of nuc and mecA
markers in a single bacterial cell by utilizing droplet digital PCR (ddPCR) with the
chimeric lysin ClyH for cell lysis. The method consists of (i) dispersion of an intact
single bacterium into nanoliter droplets, (ii) temperature-controlled release of genomic
DNA (gDNA) by ClyH at 37°C, and (iii) amplification and detection of the markers
(nuc and mecA) using standard TaqMan chemistries with ddPCR. Results were ana-
lyzed based on MRSA index ratios used for indicating the presence of the duplex-
positive markers in droplets. The method was able to achieve an absolute limit of
detection (LOD) of 2,900 CFU/ml for MRSA in nasal swabs spiked with excess
amounts of Escherichia coli, MSSA, and other mecA-positive bacteria within 4 h. Ini-
tial testing of 104 nasal swabs showed that the method had 100% agreement with
the standard culture method, while the normal duplex qPCR method had only about
87.5% agreement. The single-bacterium duplex ddPCR assay is rapid and powerful
for more accurate detection of MRSA directly from clinical specimens.

KEYWORDS methicillin-resistant Staphylococcus aureus, single-bacterium duplex
droplet digital PCR, temperature-controlled lysis, chimeric lysin ClyH, MRSA index
ratios

Staphylococcus aureus is a Gram-positive pathogen associated with a variety of
problems ranging from skin infections to bloodstream infections (1, 2). Infections

due to methicillin-resistant S. aureus (MRSA) lead to significantly higher mortality rates
and in-ward costs (3–5). Rapid screening of MRSA carriers by PCR methods is currently
recommended as an effective way to prevent nosocomial MRSA infections (6–8). A
nasal or skin swab is normally collected from a patient and subjected to different PCR
tests. Because different Staphylococcus species might coexist in the swab and have
different pathogenicity mechanisms, pathogenesis, or peculiar transmission aspects, it
is important to develop PCR methods which can detect MRSA correctly in the sample.

The most common PCR tests are to detect a specific gene of S. aureus, such as nuc,
and the methicillin-resistance marker mecA simultaneously using duplex real-time
quantitative PCR (RT-qPCR) (9–11). If both genes are detected in a sample, it is
considered positive for MRSA. This way is straightforward. But false-positive results
could happen if methicillin-susceptible S. aureus (MSSA) (nuc positive) and other
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methicillin-resistant coagulase-negative staphylococci (CoNS), such as methicillin-
resistant Staphylococcus haemolyticus (mecA positive), are present in the same swab
(12, 13).

Another PCR method for MRSA detection is to find the staphylococcal cassette
chromosome mec element (SCCmec) right extremity junction (MREJ) region between
the mecA cassette and the orfX gene (14). Because only MRSA could have such a
junction, the PCR method is quite specific. The major problem for this method is that
multiple primers must be used, since there are multiple MREJ genotypes in MRSA
(15–18). The primers need adjusting when new types of MRSA need to be accommo-
dated (18). False-positive results would also appear during testing of mecA dropout
strains (19).

In recent years, droplet digital PCR (ddPCR) has been developed and used for many
clinical applications due to its absolute quantitation without a calibration curve,
unparalleled sensitivity, and precision (20–22). One of the key features of ddPCR is its
ability to disperse the target nucleic acid molecules into nanoliter liquid droplets so
that there can be one molecule in each droplet to facilitate the absolute quantitation.
Based on a similar principle, if bacteria could be dispersed into nanoliter droplets so
that a single bacterium exists in an individual droplet, accurate detection of MRSA in
mixtures may be realized using duplex ddPCR to detect if there is cooccurrence of an
S. aureus-specific gene and mecA in the droplets. In this study, this novel method was
developed and evaluated using samples from nasal swabs.

RESULTS
Optimization of the annealing temperature for the ddPCR assay. Because the

duplex ddPCR assay needed to amplify both nuc and mecA simultaneously, the anneal-
ing temperature for the ddPCR assay was optimized by using temperature gradients. As
shown in Fig. S1 in the supplemental material, when the annealing temperature was set
at 57°C, the fluorescence differences between the negative and the positive droplets
were largest for both nuc and mecA. Therefore, an optimized annealing temperature of
57°C was chosen for the subsequent ddPCR.

Optimizing conditions for bacteria lysis by ClyH. It was critical to disperse intact
bacteria into the droplets and then lyse the bacteria before PCR so that the target genes
could be amplified for the successful application of single-bacterium duplex ddPCR. We
showed previously that ClyH is an effective enzyme for releasing genomic DNA from
MRSA at room temperature (23). Since the droplet generator has no cooling function,
we tried to precool the solutions with a low concentration of ClyH on ice in order to
slow the lysis speed of ClyH. As shown in Fig. S2, after cooling of the ddPCR mixture
containing MRSA strain N315 and ClyH on ice for 10 min, minimum bacteria lysis could
be detected in terms of optical density at 600 nm (OD600) after the mixture was placed
at room temperature for 10 min. With a further increase of the temperature to 37°C, the
activity of ClyH could be reactivated to lyse the bacteria completely within 30 min. In
contrast, without the precooling on ice, the decreased OD600 indicated that some
bacteria were lysed by ClyH during 10 min of incubation at room temperature. Since
the time required is about 5 to 6 min for the droplet generator to complete droplet
generation, the precooling could reduce the activity of ClyH and ensure the integrity of
the bacterial cells before dispersing them into nanoliter droplets.

Evaluation of the duplex ddPCR performance for detection of MRSA. MRSA
strain N315 solutions with different concentrations were tested first using the duplex
ddPCR assay. From the two-dimensional (2D) plots of the assay (Fig. 1A), one can see
that under different N315 concentrations, the duplex-positive droplets were dominant
among the positive droplets. The MRSA index ratio was above 80% under all the
concentrations tested (Fig. 1C and Table S2).

The duplex ddPCR assay was also quite sensitive with a limit of detection about
2,900 CFU/ml and good linearity (slope � 1.033 � 0.045, coefficient of determination
[R2] � 0.9943 for detecting nuc; slope � 1.020 � 0.045, R2 � 0.9941 for detecting mecA)
ranging from 2.90 � 103 CFU/ml to 1 � 107 CFU/ml (Fig. 1B). Furthermore, under

MRSA Detection Utilizing Single-Bacterium Duplex ddPCR Journal of Clinical Microbiology

October 2017 Volume 55 Issue 10 jcm.asm.org 2947

http://jcm.asm.org


bacteria concentrations lower than 1 � 106 CFU/ml, the bacteria concentrations (or
copies/ml) given by the software based on the numbers of positive nuc or mecA
droplets were quite close to the actual bacteria numbers counted by CFU. Because
almost all the droplets were positive when the concentration was 1 � 107 CFU/ml (by
calculation, 2 �l of the bacteria solution contained about 20,000 bacteria theoretically
in one PCR, where the maximum droplets in one ddPCR reaction are about 20,000
according to Bio-Rad’s instruction), the maximum concentrations of bacteria were
limited to 1 � 106 CFU/ml in the following experiments.

Evaluation of duplex ddPCR performance for detection of MSSA, MR-CoNS, and
their mixtures. Further analyzing MSSA strain 91118 and methicillin-resistant Staphy-
lococcus haemolyticus (MR-CoNS) strain WH01 alone by the duplex ddPCR assay showed
that only nuc-positive or mecA-positive droplets could be detected (data not shown).
Therefore, the MRSA index ratios (MIRs) were 0 for pure MSSA 91118 and pure MR-CoNS
strain WH01. However, when MSSA 91118 and MR-CoNS WH01 were mixed under
different concentrations, duplex-positive droplets could be detected, especially under
high concentrations (Fig. 2B, Fig. S3 to S5, and Table S3). The MIRs increased from 0
with the increasing concentrations of either MSSA 91118 or MR-CoNS in the mixtures

FIG 1 Two-dimensional (2D) plots (A), calibration curves (B), and the average MRSA index ratio (MIR) of MRSA (C) of duplex ddPCR for detection of MRSA N315
under different concentrations (a, 1 � 106 CFU/ml; b, 1 � 105 CFU/ml; c, 1 � 104CFU/ml; and d. 1 � 103 CFU/ml). In the 2D plots, the x axis shows the
fluorescence amplitude corresponding to the HEX fluorophore (nuc), and the y axis represents the fluorescence amplitude corresponding to the FAM
fluorophore (mecA). Each point represents a droplet with a given fluorescence level, and the droplet colors indicate which target was amplified (blue, mecA
positive; green, nuc positive; black, negative; orange, both nuc and mecA positive). In panel C, the x axis shows log of the number of mecA-positive droplets
per ml, and the y axis shows log of the number of nuc-positive droplets per ml. The z axis shows the MRSA index ratio. Standard deviations are shown as error
bars in the calibration curve.
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(Fig. 2A). When the concentrations in the mixture of both MSSA 91118 and MR-CoNS
were 1 � 106 CFU/ml, the MIR was highest, about 29.48 � 4.07 (Table S3).

Performance of duplex ddPCR for analyzing nasal swab samples spiked with
different bacteria. In order to test if the duplex ddPCR assay could be used for
accurate detection of MRSA in mixtures, 18 spiked nasal swab samples were prepared
as shown in Table 1. Based on the results, MIRs were calculated and used to determine
if MRSA was present or not in the sample by comparison with the MIRs of the MSSA and
MR-CoNS mixtures with similar nuc-positive and mecA-positive droplets. If the MIR of a
sample was larger than that of the MSSA 91118 and MR-CoNS WH01 mixture plus 2
standard deviations (SDs) (MIRcutoff), it suggested that MRSA was present in the sample.

FIG 2 The average MRSA index ratios (MIRs) (A) and two-dimensional (2D) plots (B) of duplex ddPCR for detection of the mixture of MSSA 91118 and MR-CoNS
WH01 under different concentrations (a, 1 � 106 CFU/ml each; b, 1 � 105 CFU/ml each; c, 1 � 104CFU/ml each; and d, 1 � 103 CFU/ml each). In panel A, the
x axis shows log of the number of mecA-positive droplets per ml, the y axis shows log of the number of nuc-positive droplets per ml, and the z axis (colored
bars) shows the MRSA index ratio. Standard deviations are shown as error bars in the calibration curve. In panel B, the x axis shows the fluorescence amplitude
corresponding to the HEX fluorophore (nuc), and the y axis represents the fluorescence amplitude corresponding to the FAM fluorophore (mecA). Each point
represents a droplet with a given fluorescence level, and the droplet colors indicate which target was amplified (blue, mecA positive; green, nuc positive; black,
negative; orange, both nuc and mecA positive).
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Using this method, we found that the duplex ddPCR could detect MRSA correctly in all
cases. Notably, 0.1% MRSA (about 5 � 103 CFU/ml, close to the limit of detection [LOD]
of the ddPCR assay) in the spiked nasal swab was detected correctly, even in the
presence of the high background of nuc-positive MSSA 91118 (1 � 106 CFU/ml) and
mecA-positive MR-CoNS WH01 (1 � 105 CFU/ml).

Comparative evaluation of the performance of duplex ddPCR and duplex qPCR
for analyzing nasal swab specimens. In order to compare the performance of duplex
ddPCR with that of duplex qPCR, 104 nasal swabs were taken and subjected to MRSA
detection. As shown in Table 2 and Table S4, the results showed that the sensitivity and
the specificity of the ddPCR (both 100%) were much better than those of the duplex
qPCR, which were 38.89% and 97.67%, respectively, in comparison with the standard
culture method. It was also found that the ddPCR assay was less prone to the possible
inhibitors in the swabs, enabling the detection of a lower number of bacteria in the
samples, while the duplex qPCR assay could not detect MRSA from 11 specimens (Table
S4). Among the samples, specimens 13 and 25 were detected incorrectly as MRSA by
the duplex qPCR. Notably, sample 68 was found to contain an excess amount of mecA
(about 2 � 106 copies/ml by the ddPCR assay, cycle threshold (CT) 24.61 by the qPCR

TABLE 1 Detection results of 18 simulative nasal swab samples based on the MRSA index ratios of duplex ddPCR

Sample
no.a Sample contents

Average
Mb

Average
N

Average
MN MIR MIRcutoff Detection result

1 1 � 105 CFU/ml S. aureus 91118 0 295 0 0 0 MSSA
2 1 � 106 CFU/ml E. coli 0 0 0 0 0 No MRSA
3 2.7 � 105 CFU/ml MR-CoNS 512 0 0 0 0 MR-CoNS
4 3 � 103 CFU/ml MRSA ZX3 4 4 4 100 0 MRSA
5 4 � 105 CFU/ml MRSA ZX108 826 768 690 89.84 8.65 MRSA
6 4 � 104 CFU/ml MRSA FY16 91 84 77 91.67 0 MRSA
7 7 � 103 CFU/ml MRSA WH70 12 13 11 91.67 0 MRSA
8 3 � 103 CFU/ml MRSA N315 4 4 4 100 0 MRSA
9 4.5 � 105 CFU/ml MRSA YN22 833 805 691 85.84 8.65 MRSA
10 3 � 104 CFU/ml MRSA KQ6 63 52 43 82.69 0 MRSA
11 2.5 � 104 CFU/ml MRSA FY17 48 49 39 81.25 0 MRSA
12 2 � 105 CFU/ml MRSA ZX54 433 422 386 91.47 8.65 MRSA
13 5 � 103 CFU/ml MRSA N315 � 1 � 105 CFU/ml

MR-CoNS � 1.7 � 106 CFU/ml MSSA
207 3,427 51 24.63 23.96 MRSA with mixture of MSSA

(more) and MR-CoNS (less)
14 1 � 105 CFU/ml MR-CoNS � 1.7 � 106 CFU/ml

MSSA
193 3,419 37 19.17 23.96 Mixture of MSSA and MR-CoNS

15 2 � 106 CFU/ml MRSA N315 � 1 � 106 CFU/ml
MR-CoNS � 1.5 � 106 CFU/ml MSSA

6,037 7,204 4,768 78.79 37.62 MRSA with nearly equal mixture
of MSSA and MR-CoNS

16 4 � 103 CFU/ml MR-CoNS � 4 � 103 CFU/ml
MSSA

8 8 0 0 0 Mixture of MSSA and MR-CoNS

17 1.5 � 105 CFU/ml MRSA N315 � 1 � 106 CFU/
ml MR-CoNS � 3 � 106 CFU/ml MSSA

2,305 6,261 951 41.25 37.62 MRSA with nearly equal mixture
of MSSA and MR-CoNS

18 1 � 106 CFU/ml MR-CoNS � 3 � 106 CFU/ml
MSSA

2,051 5,996 681 33.2 37.62 Mixture of MSSA and MR-CoNS

aAll spiked nasal swab samples contained E. coli (1 � 106 CFU/ml) as background. Each sample was tested in triplicate.
bM, the total number of mecA gene-positive droplets; N, the total number of nuc gene-positive droplets; MN, the number of duplex-positive droplets which were both

nuc and mecA positive; MIR, MRSA index ratio; MIRcutoff, MRSA index ratio of the MSSA and MR-CoNS mixture with similar nuc-positive and mecA-positive droplets
plus 2 � SD.

TABLE 2 Sensitivity and specificity of the qPCR and ddPCR methods for detection of
MRSA in 104 nasal specimens

Method
and result

Culture result
Sensitivity
(% [95% CI])

Specificity
(% [95% CI])

Agreement
(% [95% CI])Positive Negative

qPCR 38.89 (18.26–63.86) 97.67 (91.06–99.6) 87.5 (79.22–92.91)
Positive 7 2
Negative 11 84

ddPCR 100 (78.12–100) 100 (94.67–100) 100 (95.56–100)
Positive 18 0
Negative 0 86
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test), which is about 1,000 times more than the amount of nuc (Table S4) under the
direct test. Since the amount of mecA exceeded the detection range recommended for
the ddPCR assay, further testing the 10 � dilution of the specimen showed that it was
MRSA negative.

Another thing worth noting is that one mecA dropout strain (MREJ region positive
and mecA negative) was isolated from specimen 38 as shown in Fig. 3. The MRSA-
negative result given by the duplex ddPCR method for specimen 38 (Table S4) showed
that the mecA dropout did not affect the detection of the single-bacterium duplex
ddPCR method.

DISCUSSION

In this study, a new approach for the accurate detection of MRSA in mixtures was
developed utilizing single-bacterium duplex ddPCR. The idea behind this approach is to
disperse bacteria into nanoliter droplets so that a single bacterium can exist in an
individual droplet. Duplex ddPCR is then performed to detect if there is cooccurrence
of S. aureus-specific nuc and methicillin-resistance marker mecA in one droplet. There-
fore, it is very important to keep the bacteria intact before inclusion into the droplets
and then break down the bacteria inside the droplets to release their genomic DNA for
PCR. How to meet these two paradoxical requirements is critical for the success of the
approach.

Because S. aureus is Gram positive, it is difficult to break its cell walls by boiling,
which means that it is difficult to release genomic DNA using the denaturation
temperature of the PCR. Chemicals normally used for lysing bacteria, such as surfac-
tants, could not be used since they would inactivate the enzymes for PCR. In our
previous research, lysin ClyH was found to be effective in lysing S. aureus at room
temperature and compatible with PCRs. By using a low temperature (cooling on ice) to
slow the activity of ClyH, the integrity of the bacteria was successfully maintained
before dispersing them into droplets (see Fig. S2 in the supplemental material). This
temperature-controlled enzyme lysis was a key factor for the single-bacterium duplex
ddPCR.

Through analyzing the ratios of the duplex-positive droplets over the positive
droplets obtained by the duplex ddPCR assay in cases of MRSA, MSSA, and MR-CoNS,
a simple MRSA index ratio (MIR) was created and used to identify MRSA in the samples.
The theoretical MIRs for MRSA should be 100%. However, the MIRs for pure MRSA strain
N315 and other clinical MRSA isolates spiked in the nasal swabs was found to be less

FIG 3 PCR amplicons of the MREJ region (A) using the primer pair rjmec and ORFX1r and mecA (B) for colonies isolated from different specimens. MRSA strain
N315 and MSSA strain 91118 were used as the controls. Lanes 38, 39, and 40 were isolated from specimen 38; lanes 41, 42, and 43 were isolated from specimen
39; lanes 44, 45, and 46 were isolated from specimen 40.
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than 100% but more than 80% in our study (Fig. 1C and Table S2). The reason may be
that few bacteria were still lysed by ClyH during the droplet generation performed at
room temperature, although there was a precooling on ice, since ClyH is a very effective
enzyme (23). The MIRs for pure MRSA might increase further if a droplet generator with
cooling function is used.

The MIRs for pure MSSA and pure MR-CoNS were 0%, identical to the theoretical
values. However, in the mixtures of MSSA and MR-CoNS bacteria, droplets with cooc-
currence of nuc and mecA were detected (Fig. 2B). The reason might be that two or
more bacterial cells were dispersed into one droplet, since the number of the bacteria
in one droplet is distributed with Poisson distribution. When the concentrations of
bacteria are high, there is a greater chance for two or more bacteria to be distributed
into one droplet. Therefore, besides the MIR, one must also check the total number of
droplets positive for both nuc and mecA (which are correlated with the concentration
of the target bacteria in the sample) when analyzing real samples. Ideally, MIRs under
different combinations of MSSA and MR-CoNS could be determined first to obtain the
different cutoff MIRs (MIRcutoff) under different numbers of droplets positive for nuc and
mecA. Then, the MIR of a real sample is compared with the MIRcutoff under similar
numbers of droplets positive for nuc and mecA.

Using the current approach, the results demonstrated that as low as 0.1% MRSA
could be correctly identified even in the samples with high backgrounds of MSSA strain
91118 (1 � 106 CFU/ml), MR-CoNS WH01 (1 � 105 CFU/ml), and E. coli (1 � 106 CFU/ml).
This result shows that the single-bacterium duplex ddPCR assay is very powerful and
can overcome the false-positive problems in current PCR methods when detecting
MSSA and MR-CoNS mixtures. The testing results (Table 2 and Table S4) of 104 nasal
specimens not only further confirmed this conclusion but also showed that ddPCR has
a higher sensitivity for detecting MRSA directly in nasal swabs than normal duplex
qPCR. In Table S4, the low sensitivity of the qPCR is mainly because nuc was not
detected in 8 samples (numbers 3, 19, 24, 33, 45, 49, 72, and 96), while the ddPCR could
detect it, although with low copies. Since it is well known that ddPCR has higher
tolerance to inhibitors, a DNA purification process after ClyH lysis would help improve
the sensitivity of qPCR. Furthermore, the MRSA-negative result given by the duplex
ddPCR for mecA-dropout-containing specimen 38 implies that mecA dropouts do not
affect the specificity of the duplex ddPCR method. This feature would be an added
advantage compared with other qPCR methods targeting SCCmec elements and the
neighboring chromosome-borne orfX (MREJ region), which could give false-positive
results when detecting mecA dropouts.

Last but not least, due to the upper quantification limit (UQL) of ddPCR (the limit
numbers of droplets in one reaction), samples with high concentrations of MRSA, MSSA,
and/or MR-CoNS need dilution before testing. Normally, if after the ddPCR assay all the
droplets are found positive for a sample, the sample needs dilution until some
percentage of the droplets is negative. Although the dilution might decrease the
chance of detecting a minimum amount of MRSA in the sample, the reduced MIRcutoff

after the dilution might help to identify MRSA more easily. From the results of the 104
nasal specimens, it seems that bacteria concentrations in the swabs are normally low.
Only one specimen (number 68) needed dilution for the ddPCR.

In conclusion, a novel approach for accurate detection of MRSA in mixtures has been
developed by using single-bacterium duplex ddPCR coupled with temperature-
controlled lysis of S. aureus by ClyH. Since the whole assay is easy to perform and
powerful for identifying MRSA in samples with high background of MSSA, MR-CoNS,
and other bacteria, duplex ddPCR will be useful for more accurate detection of MRSA
in clinical specimens, especially specimens from open environments such as nasal
swabs.

MATERIALS AND METHODS
Bacterial strains. MRSA reference strain N315, methicillin-resistant Staphylococcus haemolyticus

strain WH01 (MR-CoNS), methicillin-susceptible S. aureus (MSSA) strain CCTCC AB91118 (called 91118 in
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this study), and E. coli strain ATCC 25922 were used as the control bacteria for optimizing and
characterizing the method. Eight MRSA clinical isolates were obtained from local hospitals in China (see
Table S1 in the supplemental material).

Preparation of bacteria. Bacteria were maintained by growth on Luria-Bertani (LB) agar plates. To
prepare bacteria suspensions, one single colony on each plate was picked and separately cultured
overnight in 5 ml LB liquid media at 37°C with continuous shaking at 160 rpm. Then the pellets were
harvested by centrifugation (6000 � g for 5 min) and suspended in sterilized phosphate-buffered saline
(PBS) buffer (consisting of 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4; pH 7.4). The
turbidity of the bacteria solutions was adjusted to OD600 0.45 (corresponding to about 6 � 108 CFU/ml
in bacteria concentration) before use.

Primers, probes, and thermal gradient optimization of ddPCR assay. S. aureus-specific nuc and
methicillin-resistance marker mecA were selected as the detection targets. The primers and probes are
the same as described previously by Wang et al. (10) and synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China): for nuc, forward primer 5=-AAAGCGATTGATGGTGATACGGTT-3=, reverse primer 5=-TGCTT
TGTTTCAGGTGTATCAACCA-3=. and probe 5=-HEX-ATGTACAAAGGTCAACCAATGACATTYAGA-BHQ1-3=; for
mecA, forward primer 5=-GCTCAAATTTCAAACAAAAATTTAGATAATG3=, reverse primer 5= TGAAAGGATCT
GTACTGGGTTAATCAGT-3=, and probe 5=-FAM-AGCTGATTCAGGTTACGGACAAGGTGA-BHQ1-3=. The con-
centrations of the primers and the probes used in ddPCR were 900 nM and 250 nM, respectively. To
assess the optimal annealing temperature of the ddPCR assay, the annealing temperature gradient
between 54°C and 60°C was performed in a Bio-Rad T100 Thermal Cycler using genomic DNA extracted
form MRSA strain N315 as the template.

Optimizing conditions for bacteria lysis by ClyH. The lyophilized recombinant lysin ClyH was
provided by Wuhan Scithera Microbial Technologies, Inc. (Wuhan, China) and reconstituted to 1 mg/ml
as the stock solution by adding water. In order to ensure the target bacteria were intact before dispersing
them into nanoliter liquid droplets, a microplate reader (Synergy H1, BioTek) was used to monitor the
OD600 changes of MRSA strain N315 solutions mixed with different concentrations of ClyH under different
temperatures. Briefly, all of the solutions, including the bacteria solution/samples, the ClyH stock
solution, and the duplex ddPCR mixture, were precooled on ice for 10 min. Then mixtures were made on
ice by pipetting different amounts of the solutions into wells of a 96-well microplate. After that, the
microplate was placed at room temperature (25°C) for 10 min. Finally, the microplate was placed into the
microplate reader at 37°C to monitor the OD600 of the mixtures for 30 min.

Procedure of the duplex droplet digital PCR assay. Duplex ddPCR assays were conducted on a
QX200 ddPCR system (Bio-Rad) according to the manufacturer’s recommendations. Briefly, the ddPCR
reaction mixtures (22 �l each) were prepared on ice by mixing 11 �l of 2 � Supermix (Bio-Rad), 0.25 �M
each of the probes, and 0.9 �M each of the primers for detection of mecA and nuc, 10 �g/ml chimeric
lysin ClyH, and 2 �l of the bacteria suspension or the samples. Then droplets were generated at room
temperature using an automated droplet generator (Bio-Rad), where a vacuum was applied to the outlet
wells to simultaneously partition the PCR mixtures into nanoliter-sized droplets. The PCR plate obtained
was subsequently heat-sealed with pierceable foil using a PX1 PCR plate sealer (Bio-Rad) and then
amplified in a conventional thermal cycler (C100 Touch, Bio-Rad). The thermocycling was set as bacteria
lysis at 37°C for 30 min, denaturation at 95°C for 10 min, then 40 cycles of denaturation at 94°C for 30
s, annealing at 57°C for 1 min (temperature ramp 2°C/s), and finally, incubation at 98°C for 10 min. The
first incubation at 37°C for 30 min was to ensure that the bacteria inside droplets were lysed completely
by ClyH. After the cycling, the 96-well plate was fixed into a plate holder and placed into a Q200 droplet
reader (Bio-Rad) to measure the fluorescence of the droplets. The numbers of positive, negative, and
duplex-positive droplets obtained were analyzed by the software package provided (QuantaSoft, Bio-
Rad). Total droplet counts below 10,000 were unacceptable and discarded.

Evaluation of the duplex ddPCR performance for detection of MRSA, MSSA, MR-CoNS, and
their mixtures. MRSA strain N315, MSSA strain 91118, and MR-CoNS strain WH01 were tested alone
or in mixtures by the duplex ddPCR to find the right parameters which could be used to identify
MRSA correctly in mixtures. Briefly, bacteria suspensions with different concentrations of strains
N315, 91118, and MR-CoNS were prepared and analyzed by the duplex PCR as described above. After
the analysis, three data, i.e., the total number of nuc-positive droplets (N), the total number of
mecA-positive droplets (M), and the number of duplex-positive droplets that were both nuc and
mecA positive (MN), were counted. Every sample was performed in triplicate, and the average
numbers of the positive droplets were used to calculate the MRSA index ratio (MIR) by the following
formula:

MIR � 100 � MN/min{M,N}, where “min{M,N}” means selecting the smaller number of M or N.
Since both nuc and mecA exist in a MRSA cell, the MIR for a sample containing pure MRSA will be

100% in theory because all the droplets will be duplex-positive droplets. For MSSA or MR-CoNS, since
there is only nuc or mecA in a bacterial cell, MIR for a sample containing pure MSSA, pure MR-CoNA, or
their mixtures will be 0% in theory because all the droplets will be single-gene-positive droplets,
supposing that there is only one bacterium in one droplet.

Evaluation of duplex ddPCR performance by spiking bacteria into nasal swabs. Based on the
MRSA index ratios for pure MRSA and the mixtures of MSSA and MR-CoNS, the performance of duplex
ddPCR for identification of MRSA in nasal swabs was tested by spiking different bacteria into a negative
nasal swab (no S. aureus or mecA was detected by both culture and single-bacterium duplex ddPCR
assay) collected from one healthy volunteer. Briefly, a swab was carefully inserted a short distance into
the nostril and gently rotated for 10 s. Then the swab was taken out and inserted into 1 ml PBS buffer
immediately. After vigorous shaking for 30 s, the swab was discarded. The PBS solution was centrifuged
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at 6000 � g for 5 min, and the supernatant was collected for spiking clinical MRSA isolates, MRSA strain
N315, S. aureus 91118, MRCoNS WH01, and/or E. coli at different concentrations. Finally, all the spiked
samples were tested by the duplex ddPCR assay described above.

Comparative evaluation of the performance of duplex ddPCR and qPCR for analyzing nasal
swab specimens. A total of 104 clinical nasal swab specimens were collected from different healthy
individuals. Briefly, a sterile cotton swab was carefully inserted a short distance into the nostril and gently
rotated for 10 s. Then the swab was taken out and inserted into 1 ml PBS buffer immediately. After vigorous
shaking for 30 s, the swab was discarded, and the PBS buffer was used for detection by ddPCR, standard
culture, and qPCR directly. The ddPCR tests were performed using the same procedures described above. The
same method we reported previously (23) was used for MRSA detection by qPCR. The qPCR mixtures (20 �l
each) were prepared by mixing 10 �l of Premix Ex Taq (Probe qPCR, Takara Bio) containing 50 �g/ml chimeric
lysin ClyH, 0.4 �M of each probe and each primer for detection of mecA and nuc genes, and 5 �l of the
bacterial sample. The qPCR running program was as follows: bacteria lysis at 37°C for 10 min, denaturation at
95°C for 30 s, 40 cycles of denaturation at 95°C for 5 s, and annealing at 60°C for 1 min. The culture method
(24–27) was performed by plating 10 �l of each of the above swab-PBS suspensions on selective Baird-Parker
agar plates (Guangdong Huankai Microbial Sci. & Tech. Co., Ltd.) and then incubating them at 35°C for 24 to
48 h. The suspected colonies with gray-black shiny color were picked and cultured again on Mueller-Hinton
agar containing 4% NaCl and 6 �g of oxacillin per ml (Qingdao Binder Bio Technologies Co., Ltd.) in
accordance with NCCLS recommendations (28) to detect oxacillin-resistant strains. Finally, the MRSA colonies
were further confirmed by qPCR to detect nuc and mecA.

Isolation of mecA dropout strains from nasal specimens. mecA dropout strains were isolated from
the 104 nasal specimens according to the method described by Mendes et al. (19), except using a single
primer pair specific for SCCmec elements and the neighboring chromosome-borne orfX (MREJ region) as
described by Cuny and Witte (14). The MSSA strains which are MREJ region positive and mecA negative
are considered mecA dropout strains. Briefly, the 104 nasal specimens were inoculated on selective
Baird-Parker agar plates, respectively. After incubation, the suspected colonies with gray-black shiny
color were picked and cultured again on Mueller-Hinton agar containing 4% NaCl and 6 �g of oxacillin
per ml to detect oxacillin-sensitive strains. Finally, the MSSA colonies were tested by qPCR to detect nuc,
mecA, and the MREJ region.

The MREJ region was amplified using the primer pair rjmec, 5=-TATGATATGCTTCTCC-3= and ORFX1r,
5=-AACGTTTAGGCCCATACACCA-3=. The MREJ PCR mixtures (20 �l each) were prepared by mixing 0.8 �l
of recombinant Taq (rTaq) DNA polymerase, 0.8 �l of each primer (10 �M), 2 �l of PCR buffer, 1.6 �l of
dNTP (250 mM), 13 �l of water, 1 �l of DNA template. The PCR running program was as follows:
denaturation at 94°C for 3 min, 30 cycles of denaturation at 94°C for 30 s, and annealing at 55°C for 30s
and 72°C for 30 s, with a final extension at 72°C for 4 min.
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