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Abstract The aim of this study was to develop a rapid

detection assay to identify methicillin-resistant Staphylo-

coccus aureus by simultaneous testing for the mecA, nuc,

and femB genes using the loop-mediated isothermal

amplification (LAMP) method. LAMP primers were

designed using online bio-software (http://primerexplorer.

jp/e/), and amplification reactions were performed in an

isothermal temperature bath. The products were then

examined using 2% agarose gel electrophoresis. MecA,

nuc, and femB were confirmed by triplex TaqMan real-

time PCR. For better naked-eye inspection of the reaction

result, hydroxy naphthol blue (HNB) was added to the

amplification system. Within 60 min, LAMP successfully

amplified the genes of interest under isothermal conditions

at 63 �C. The results of 2% gel electrophoresis indicated

that when the Mg2? concentration in the reaction system

was 6 lmol, the amplification of the mecA gene was rel-

atively good, while the amplification of the nuc and femB

genes was better at an Mg2? concentration of 8 lmol.

Obvious color differences were observed by adding 1 lL
(3.75 mM) of HNB into 25 lL reaction system. The

LAMP assay was applied to 128 isolates cases of methi-

cillin-resistant Staphylococcus aureus, which were sepa-

rated from the daily specimens and identified by Vitek

microbial identification instruments. The results were

identical for both LAMP and PCR. LAMP offers an

alternative detection assay for mecA, nuc, and femB and is

faster than other methods.

Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) is

an important human pathogen that produces a variety of

toxins and causes a wide range of infections, including

skin abscesses, necrotizing pneumonia, joint infections,

and endocarditis [14, 22, 24, 28]. Recently, MRSA has

emerged as an important pathogen in public health,

causing significant morbidity [1] and often displaying

multidrug resistance [3, 18]. Rapid detection of MRSA is

imperative for both treatment and implementation of

infection control policies to prevent disease spread and

outbreaks [3, 6, 21].

Molecular methods such as polymerase chain reaction

(PCR) and real-time PCR have been used for rapid MRSA

identification [8, 12, 19]. Loop-mediated isothermal

amplification (LAMP), developed by the Japanese

researcher Notomi, is a novel gene amplification method

that can complete DNA amplification under isothermal

conditions with several outstanding advantages, including

simplicity, rapid response, high sensitivity, and cost

effectiveness [16]. LAMP eliminates the need for expen-

sive PCR equipment or expertise. Using four specific pri-

mers that span six distinct sequences of a target gene, the
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entire procedure can be completed in less than 60 min by

incubating all reagents in a single tube. To efficiently test

the reaction result, a DNA intercalating dye, such as SYBR

green, propidium iodide, or Picogreen, is added to the

products after the reaction [13, 17]. Because the assay

requires opening the tubes, it is associated with an

increased risk of nucleic acid aerosol pollution as in the

case of gel electrophoresis. Motoki et al. reported a simpler

colorimetric assay using the Mg2? ion concentration indi-

cator hydroxy naphthol blue(HNB), where the color

changes from violet to sky blue [7]. The LAMP detection

sensitivity was equivalent to that of the assay using SYBR

green, and the positive/negative result could be easily

judged using the naked eye.

MecA gene is a specific drug-resistant MRSA gene that

plays a decisive role in drug resistance [2, 4, 20], and detect

the nuc gene helps in the rapid identification of S. aureus

from clinical specimens [23]. FemB can be used as a

marker to differentiate S. aureus from coagulase-negative

Staphylococci [11].

Here, we report the combined use of three LAMP assays

for identification of MRSA as follows: an assay targeting

mecA to identify methicillin resistance, an assay targeting

nuc to distinguish S. aureus from other Staphylococcus spp,

and an assay targeting femB for coagulase-positive

Staphylococci.

Materials and Methods

Bacterial Strains

This study was performed at the Navy General Hospital

from January to December 2014. The standard control

strain used in this study was the methicillin-resistant S.

aureus American Type Culture Collection (ATCC) strain

33591. The MRSA strains tested in this study were col-

lected from the clinical microbiological laboratory at the

Navy General Hospital.

The isolates were previously isolated from patients

sputum (n = 72), drainage fluid (n = 1), pus (n = 11),

urine (n = 4), venous blood (n = 14), secreta (n = 25),

and catheter (n = 1). All MRSA isolates were streaked on

blood and mannitol salt agars and incubated overnight at

35 �C. Isolates that showed b-hemolysis on blood agar and

appeared as yellow colonies in mannitol salt agar were

subjected to coagulase and cefoxitin disk diffusion tests.

The isolates was confirmed as a MRSA strain if it produced

a positive result in the coagulase test and had a zone

diameter of less than 22 mm on a cefoxitin disk diffusion

test prior to real-time PCR.

Preparation of DNA Template

Crude DNA was extracted from overnight growth cultures

of all isolates on 5% sheep blood agar by directly boiling

the cell lysate. Briefly, a loopful of bacterial culture was

mixed with 100 lL of DNA extraction buffer (Da An

Gene, China).The suspension was boiled at 100 �C for

10 min and centrifuged at 13,000 rpm for 5 min. The

supernatant was used as a DNA template for LAMP and

PCR analyses.

Triplex TaqMan Real-Time PCR Primers

and Probes

A 105 bp region of mecA, a 154 bp region of nuc, and a

183 bp region of femB were tested using a triplex TaqMan

real-time PCR assay. mecA/nuc/femB-specific PCR pri-

mers and TaqMan fluorescent probes were selected using

the Beacon Designer 7 bio-software. FAM, HEX, and ROX

markers were used to label the fluorescent probe at the 50

end, and the 30 end was labeled with BHQ1 (Table 1)

(AuGCT DNA-SYN Biotechnology, China).

Triplex TaqMan Real-Time PCR Detection

of mecA, nuc, and femB

Triplex TaqMan real-time PCR targeting the mecA, nuc,

and femB genes was performed on 128 clinically isolated

MRSA samples. Briefly, the PCR reactions were performed

in a 20 lL volume containing 10 lL of 2 9 SuperReal

PreMix (Probe) mix (TIGEN, China), 1 lL of the primer

pair (for the mecA, nuc, and femB genes), 0.5 lL of the

fluorescence probe (for mecA, nuc, and femB), 1 lL of

bacterial genomic DNA, and 7.5 lL of ddH2O. PCR was

performed using a SLAN-96P Real-time PCR System

(Shanghai Hongshi, China). The PCR conditions were

Table 1 Real-time PCR primers and probes for mecA, nuc, and

femB

Genes Primer sequence

mecA m-P1-50-aaatattattagctgattcaggttac-30

mecA m-P2-50-cgttaatattgccattattttctaat-30

mecA m-Probe-50-FAM-caaggtgaaatactgattaacccagta-BHQ1-30

nuc n-P1-50-gttgcttagtgttaactttagttgta-30

nuc n-P2-50-aatgtcgcaggttctttatgtaattt-30

nuc n-Probe 50-HEX-aagtctaagtagctcagcaaatgca-BHQ1-30

femB f-P1-50-ccgtattggttatatcatctata-30

femB f-P2-50-gggtgttttaccttcaag-30

femB f-Probe-5-ROX- cgtagttggctcgatgtatcatactca-BHQ1-30
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maintained at 95 �C for 5 min for initial denaturation fol-

lowed by 40 cycles of 94 �C for 15 s, 55 �C for 30 s, and

72 �C for 30 s. Following PCR, 5 lL aliquots of each

sample were subjected to electrophoresis on 2% agarose

gel to validate their identities. The bands were visualized

using a gel documentation system (Heima, China).

LAMP Primers

LAMP primers were designed for the highly conserved

regions of the mecA, nuc, and femB genes from Staphy-

lococcal strains using the Primer Explorer V4 software

(http://primerexplorer.jp:81/lam/) LAMP primers included

two outer primers, F3 and B3, and two inner primers, FIP

and BIP (Table 2) (AuGCT DNA-SYN Biotechnology,

China).

LAMP Assays

Optimization of the LAMP assay was performed on ATCC

33591. The LAMP reaction was performed in a 25 lL
reaction mixture containing 2.5 lL of 109 Bst buffer, 0.8/

1.2 lL of MgSO4 (25 mM), 1.6 lL of dNTPs (10 mM),

4lL of betaine (5 M), 1lL of HNB (3.75 mM),1.6 lM
each of FIP and BIP, 0.2 lM each of F3 and B3,1lL of Bst

DNA polymerase(8 IU), 1lL of template, and 3.8lL/3.2lL
of ddH2O. The reaction mixtures were incubated at 63 �C
for 60 min and heated to 80 �C for 15 min to terminate the

reaction. The amplification products were detected using

2% agarose gel electrophoresis to observe the band under

UV illumination.

Results

Triplex TaqMan Real-Time PCR Testing mecA,

nuc, and femB

We directly detected the mecA, nuc, and femB genes of

ATCC 33591 using the triplex assay in a single tube. Ini-

tially, each gene was detected with a single-target TaqMan

PCR assay (Fig. 1a) to obtain the specific PCR amplifica-

tion curves for these three genes. The PCR products were

analyzed by 2% agarose gel electrophoresis to observe the

specificity of the amplification bands (Fig. 1b). Then, each

gene was detected with a triplex TaqMan real-time PCR

assay. The PCR curves of mecA and nuc using a single-

target assay (blue) were consistent with the triplex-target

assay (red). The femB PCR curve was slightly lower, but

an effective amplification curve was still obtained

(Fig. 1c).

Establishment of the LAMP Method

The LAMP assays for mecA, nuc, and femB were opti-

mized using ATCC 33591. The amplified DNA fragments

were detected by 2% agarose gel electrophoresis, and the

bands were observed under UV illumination (Fig. 2a,

where the MRSA genomic DNA ladder is in the lane with

bands and the with water negative control template had no

band). In addition, we added 1lL of HNB (150 lM) into

the LAMP reaction system, wherein the dye color changed

from violet to sky blue (Fig. 2b). These LAMP assays were

applied to detect clinical MRSA strains and to produce

better amplification. Selected mecA testing results from the

clinical MRSA isolates are shown in Fig. 2c.

Table 2 LAMP Primers for

mecA, nuc, and femB
Genes Primer sequence

mecA F3:50-GCGACTTCACATCTATTAGGT-30

mecA B3: 50-GCCATCTTTTTTCTTTTTCTCT-30

mecA FIP: 50-TCCCTTTTTACCAATAACTGCATCATATGTTGGTCCCATTAACTCT-30

mecA BIP: 50-AAGCTCCAACATGAAGATGGCCGATTGTATTGCTATTATCGTCAA-30

nuc F3: 50-GCATTTACGAAAAAAATGGTAGA-30

nuc B3:50-TGTTCATGTGTATTGTTAGGTT-30

nuc FIP: 50-GCCACGTCCATATTTATCAGTTCTAAATGCAAAGAAAATTGAAGTCG-30

nuc BIP: 50-TATGCTGATGGAAAAATGGTAAACGTAAACATAAGCAACTTTAGCCAAG-30

femB F3: 50-TGTTTAAATCACATGGTTACGAG-30

femB B3:50-TCACGTTCAAGGAATCTGA-30

femB FIP: 50-TACCTTCAAGGTTTAATACGCCCATCATCATGGCTTTACAACTGAG-30

femB BIP: 50-ACACCCGAAACATTGAAAAAGACACTTTAACACCATAGTTTATCGCTT-30
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Comparing Test Results of the Triplex TaqMan

Real-Time PCR and LAMP Assays

Data for the triplex TaqMan real-time PCR assay were

collected utilizing FAM (mecA), HEX (nuc), and ROX

(femB) as the reporter dyes to minimize the potential for

emission spectrum overlap. Clinical MRSA isolates

(n = 128) were tested by triplex TaqMan real-time PCR,

and a total of 91 strains that the traditional method iden-

tified as MRSA were mecA positive. We then applied the

LAMP method for the same clinical MRSA isolates

(n = 128) and also acquired 91 mecA-positive isolates,

matching the real-time PCR results. Nuc and femB were

determined to be positive via triplex TaqMan real-time

PCR and LAMP testing, as shown in Table 3.

Discussion

Staphylococcus aureus is one of the important pathogenic

bacteria that are commensal to the human nares and skin

[22, 23]. Infections caused by methicillin-resistant S. aur-

eus (MRSA) strains have exhibited an increasing trend in

numerous countries and regions [15]. To reduce the harm

caused by MRSA, it is necessary to establish a fast and

accurate gene detection method. Thus far, there are several

methods for identifying MRSA, including routine standard

procedures (colony morphology, Gram staining, and testing

of catalase, hyaluronidase, and coagulase), the Vitek 2

automated system, the API-Staph kit, immunological

assays, mass spectrometry, and PCR (regular PCR as well

as quantitative PCR) [5, 22, 25]. However, loop-mediated

isothermal amplification (LAMP) technology is a nucleic

acid detection method that requires less stringent experi-

mental conditions. Since the invention of LAMP technol-

ogy, it has been applied to the detection of Yersinia

pseudotuberculosis, Salmonella, Pseudomonas aeruginosa,

and Listeria monocytogenes [5, 9, 26, 27, 29]. However,

due to products that would differ in size, LAMP is not

suitable for the detection of multiple genes in the same

system. Therefore, we developed three LAMP assays tar-

geting mecA, nuc, and femB to replace a single or triplex

TaqMan real-time PCR assay.

Methicillin resistance in S. aureus is primarily mediated

by mecA, which encodes the low-affinity penicillin-bind-

ing protein 2a or 20 (PBP2a or PBP20). However, mecA is

also widely distributed among coagulase-negative Staphy-

lococci (CNS) and is associated with CNS methicillin

resistance [28]. Thus, detecting mecA alone cannot dis-

criminate between MRSA and methicillin-resistant CNS.

Fig. 1 Primers and probes for the triplex TaqMan PCR assay.

a Using the mecA, nuc, and femB primers as well as a fluorescent

probe, individual reactions were performed in a single tube. b The

PCR product bands were consistent with the expected molecular

weight, confirming PCR product specificity. c Three sets of primers

and fluorescent probes reacted in one PCR tube
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However, the femB gene locus is distant from the mecA

gene on the chromosome, and femB is involved in cell wall

pentaglycine side chain and interpeptide bridge formation

[10]. FemB is highly conserved in S. aureus but not found

in CNS [25]. In this experiment, we generated primers and

the fluorescence probes for mecA, nuc, and femB, and

analyzed all isolates. By adjusting the molar concentration

of the primers and probes, the amplification using three

pairs of primers and three probes simultaneously in a

reaction system was similar to the amplification of each

individual gene. All isolates were detected by triplex

TaqMan real-time PCR. The results indicated that mecA

was only detected in 72.7% of the isolated strains that were

identified as MRSA by traditional methods. The positive

rates of nuc and femB detection were 100 and 98.4%,

respectively. Utilizing the results of triplex TaqMan real-

time PCR as the reference, we employed LAMP to inves-

tigate all isolates. The detection results of the LAMP

method were 72.7% mecA, 100% nuc, and 98.4% femB,

which were 100% consistent with the triplex TaqMan real-

time PCR. Compared to the triplex TaqMan real-time PCR,

the entire process of the LAMP method has less stringent

experimental condition requirements and its specificity and

accuracy are equal to those of the triplex TaqMan real-time

PCR method.

In conclusion, the combined use of the mecA, nuc, and

femB-LAMP assays will be beneficial for coagulase-posi-

tive MRSA differentiation. Because of its simplicity and

ease of performance without the need for sophisticated

instrumentation, this process can be easily adapted for any

microbiology laboratory as a rapid molecular bench to

assay.
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