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ABSTRACT

Staphylococcus aureus is a major pathogen responsible for a wide range of foodborne illnesses.
When the density of S. aureus reaches 10° CFU/mL, the pathogen begins producing enterotoxin -
the main agent responsible for illness. While past studies mainly targeted enterotoxins or
antibiotic-resistant strains, recent works show that real-time PCR enables sensitive detection at
low bacterial levels, before toxin production. This study used bioinformatics tools to evaluate
seven candidate genes (mecA, mecC, femA, nuc, sa442, coa, and spA) and identify the most specific
qPCR target. Sequence conservation and specificity were analyzed with Geneious and NCBI
BLAST, revealing the nuc gene (positions 430—566) as the most reliable marker. Experimental
qPCR using designed primers and probes demonstrated the highest specificity and optimal
performance for the nuc gene. The results also confirmed that although sa442 is highly specific, it
does not detect all S. aureus strains, thereby supporting the accuracy of the bioinformatic
approach. These highlight the value of bioinformatics in selecting exact materials for gPCR kit
development for diagnostics in food safety control.
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1. INTRODUCTION

Staphylococcus aureus (S. aureus) is a Gram-positive bacterium and has been a significant
threat to public health and food safety due to its ability to produce enterotoxins and multi-drug
resistance. Global outbreaks have been reported many times and in Vietnam, they often occurs in
communal kitchens or small-scale facilities with poor hygiene, with notable cases in Ho Chi Minh
City (2010, 2018), Ninh Binh (2018), and Ha Giang, Vinh Phuc (2017, 2018) [1]. According to
the U.S. FDA, S. aureus is able to pathogenic when bacterial density reaches 10° CFU/mL and
begins producing toxins at 10° CFU/mL [2]. Therefore, a rapid and accurate method to detect S.
aureus is a top priority in food safety control. The most suitable method is real-time PCR (qPCR)
targeting species-specific genes.

S. aureus causes severe infections like pneumonia, bloodstream and skin infections. Its genome
contains ~ 2,700 genes on a circular chromosome and extra- chromosomal elements (plasmids,
phages, mobile genetic elements (MGESs)), enabling adaptability via horizontal gene transfer for
resistance and virulence. The core genome governs metabolism, cell cycle, and virulence,
including toxin production, invasion, and immune evasion [3]. Key genes include nuc gene, which
play a role in immune invasion and widely used for S. aureus detection [4]; femA gene, involved
in peptidoglycan biosynthesis and mecA expression for MRSA [5]; sa442 - a conserved sequence
[6] and coa and spA, which promote immune evasion and infection spread [7]. The accessory
genome on MGEs like SaPls, and SCCmec carries mecA (MRS A-specific, transferable) and mecC,
~ 69% identical to mecA, encodes PBP2a.

Through natural evolution and horizontal gene transfer, S. aureus acquires resistance and
virulent genes, which enhances its antibiotic resistance and pathogenicity. These traits are
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governed by specific genes, making the selection of an appropriate target gene crucial for accurate
S. aureus detection by qPCR. Medical device companies worldwide have developed proprietary
commercial kits targeting different specific genes (e.g., BD: SCCmec-orfX, mecA, mecC, nuc;
Roche: SCCmec-orfX, mecA; Cepheid: SCCmec, mecA, spA; Kogene: femA) [8-11]. Even though,
the SCCmec-orfX junction, commonly used for MRSA detection, it was not detected in 14 novel
MRSA strains with variant sequences and single nucleotide polymorphisms (SNPs) [9]. MRSA
strains with the mecC gene can be misidentified as methicillin-sensitive S. aureus (MSSA) due to
diagnostic challenges. Although related to methicillin resistance or other pathogenic mechanisms,
target genes have not been fully evaluated for coverage and specificity, making it difficult to
choose a single reliable gene for detecting S. aureus.

The emergence of bioinformatics as a powerful tool in molecular biotechnology, combined with
the rapid expansion of genomic databases, has greatly enhanced the ability to analyze and select
specific target genes for the detection of pathogenic organisms. This study aims to utilize
bioinformatics to identify unique gene sequences and optimal target regions in S. aureus, enabling
the design of improved primer—probe set for gPCR. The bioinformatic-based gene selection was
experimentally validated, confirming the effectiveness of bioinformatic tools in identifying specific
targets for S. aureus detection. The ultimate goal is to prepare a robust material for developing a
sensitive, specific, and rapid real-time PCR kit for the detection of S. aureus in food samples.

2. MATERIALS AND METHODS
2.1. Materials

2.1.1. Instrumentation

Real-time PCR MX 3005P System (Agilent Technology, USA), Bio-Rad PCR (USA),
electrophoresis (Cleaver Scientific, UK), Biocen 22 R centrifuge (Orto alresa, Spain).

Software and databases: ApE software, Geneious Prime (2024.0) (New Zealand), NCBI
GenBank, NCBI BLAST and Primer-BLAST, IDT PrimerQuest Tool, Neb Calculator, Oligo IDT.
2.1.2. Experimental materials

DNA extracts of S. aureus ATCC 25923, S. aureus 03, S. aureus 93587, S. aureus 9358, S.
aureus 57, S. aureus 43 were from the Military Institute of Preventive Medicine.

Chemicals: Taq Pro Multiple Probe qPCR Mix (Vazyme, Taiwan), Primers and probes (IDT,
USA), 100 bp DNA Ladder (Thermo Fisher Scientific, USA).

2.2. Methods
2.2.1. Target gene selection

Target gene candidates were compiled based on a comprehensive review of previously
published scientific literature and those commonly used by commercial kits to detect S. aureus,
including mecA, mecC, femA, nuc, sa442, coa, and spA. The full-length sequences of these genes
were retrieved from the NCBI GenBank database, from strains S. aureus ATCC 25923
(NZ_CP009361.1) and used as queries in BLAST analysis to assess species specificity.

2.2.2. Specific region selection

The selected genes sequences were aligned using multiple sequence alignment (MSA) from
Geneious to identify highly conserved regions for primer and probe design.
2.2.3. Primers and probe design

Primers and probes were designed using NCBI Primer-BLAST and IDT PrimerQuest Tool,
with secondary structures (hairpins, self-dimers, and hetro-dimers) evaluated via IDT

OligoAnalyzer. Primers with unfavorable structures (Gibbs free energy AG < -9 kcal/mol or
hairpins at 3' end) were excluded. TagMan probes were ~50 nucleotides (nt) downstream of the
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forward primer and designed to meet standard criteria. Melting and annealing temperatures (Tm
and T,) were calculated using the NEB Tm Calculator, ensuring the probe’s T, was 5 - 10 °C
higher than that of the primers and free of significant secondary structures. All sequences were
checked for specificity using BLAST and validated by Geneious to avoid cross-reactivity with
non-S. aureus DNA.

2.2.4. In-silico evaluation

In-silico PCRs were conducted using Primer-BLAST to simulate the amplification in order to
evaluate the designed primer/probe set. The simulation provides a means to confirm specific
amplification of the intended target region, with the correct product size and no non-target binding.
2.2.5. Real-time PCR assay validation

gqPCR (20 pL) was performed with 10 uL 2x qPCR Mix, primer at 50 nM, probe at 25 nM, total
DNA template at 10 ng. The negative control was run with mili-Q water instead of DNA template.
The thermal cycle protocol started at 37 °C for 2 minutes, initial denaturation at 95 °C for 30
seconds, followed by 40 cycles of denaturation at 95 °C for 10 seconds, annealing step at 60 °C
for 30 seconds.

3. RESULTS AND DISCUSSION

3.1. Target gene collection

Seven candidate gene sequences (mecA, mecC, femA, nuc, sa442, coa, and spA) commonly
reported as molecular markers for the detection of S. aureus were retrieved from S. aureus strain
ATCC 25923.

Table 1. Information on target genes.

%
Gene l\iz(;rztz‘:f a(;f;'j;s id.enti.cal Presente(.l in o.ther species and Note
hits/Total hits |  hits | >eS!0 identity (%)
S. aureus
972 |° S. schweitzeri (99.7%)
mecA 2906/3137 92.63% 10'0% e S. taiwanensis (80,4%)
o S. shleiferi (88.1 — 88.4%)
o S. caprae (99.9%)
92— |e S sciuri (96 —96.1%)
mecC 2157 36.84% 100% | Mammaliicocus lentus (94%)
o S. stepanoricii (98.7 — 99.2%)
_ e _ 0
femd | 29903163 | 94.53% 8150‘05% : “?ganf;;flelg;f;/f) 08%)
candidate
nuc 3081/3166 97.31% 81%)010/; o S. argenteus (81.7 — 82.8%) target
gene
08.4_ |*S schweitzeri (89.5%) candidate
sa442 | 4979/5000 99.58% 10'0% target
gene
745_ |° Bacillus subtilis (96.6%)
coa 4972/5000 99.44 1 0'0% e Klebsiella pneumonia (99.8%)
e Enterobacter cloacae (100%)
84.7— | o S. schweiteri (86.2%)
spd | 4907/5000 1 98.14% | o000 | o 5 raentens (88.6 — 100%)
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mecA and femA are primarily associated with resistant in MRSA and the BLAST results showed
that they are not consistently present in all S. aureus strains (92.63% and 94.53%, respectively)
(Table 1). Besides, they are spontaneously present in other Staphylococcus: S. schweitzeri, S.
taiwanensis, and S. shleiferi for mecA; S. argenteus and S. milleri for femA (88.1-99.7%), leading
to cross-reactivity and reduced specificity. Notably, mecC is present in only 36.84% of strains,
reducing the accuracy of detection. Although coa and spA4 are present in 99.44% and 98.14%,
respectively, they also show high identity with other species — B. subtilis (96.6%), K. pneumoniae
(99.8%), E. cloacae (100%), and have limited intraspecies coverage (74.5% and 84.7%), making
them unsuitable for specific gPCR. The above results emphasize the importance of BLAST over in-
silico PCR for §. aureus detection, since in-silico PCR suggested that the mecA and coa genes were
suitable qPCR targets for S. aureus [12], whereas this study demonstrated otherwise.

For nuc and sa442, the BLAST results showed that they share the highest genetic stability and
minimal cross-reactivity with non-S. aureus species. Both genes display lower homology to other
species: nuc is only homologous to S. argenteus (81.7-82.8%), while sa442 shared 89.5%
similarity with sole S. schweitzeri. Notably, nuc is not a mobile genetic element and is therefore
not subject to horizontal gene transfer like resistance genes such as mecA and mecC. Therefore,
nuc and sa442 were primarily selected as the most suitable molecular markers, with further
analysis of conserved regions.

3.2. Determination of conserved and specific region

3.2.1. Conserved and specific region of nuc gene

mmwmmmmwm
¥
Conserved and specific region > =

Figure 1. Multiple sequence alignment (MSA) of the nuc gene among different S. aureus strains,
generated using Geneious. The colored points (red - A, green — T, yellow — G, and purple — C)
were SNPs. Red boxed region: highly conserved and specific region.

98 L.T Lan, ..., N. T. Nhung, “Harnessing bioinformatics to identify ... aureus by real-time PCR.”



Research

To select a suitable region for target, the sequence must show high genetic stability with
minimal mutations or SNPs in homologous sequences. A MSA of 3,081 S. aureus nuc gene showed
that region 430-566 possesses the highest stability and covers the shortest homologous sequence
(Fig. 1). This region is consistently present in all reported S. aureus homologous sequences with
only a few SNPs in some strains, which did not significantly affect the stability of this region,
confirming its specificity. This region was re-examined using BLAST against S. argenteus,
revealing multiple mutations within the primer-binding sites and other sites, thereby ensuring the
absence of non-specific amplification (data not shown).

3.2.2. Conserved and specific region of sa442 gene
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Figure 2. Multiple sequence alignment (MSA) of the sa442 gene among different S. aureus
strains, generated using Geneious. The left sequence corresponds to 256 nucleotides region, the
right sequence to 190 nucleotides region. The colored points (red-A, green-T, yellow-G, and
purple-C) were SNPs.

The sa442 gene, 442 nt in length, comprises 256 nt homologous to the glutamate synthase gene
and 190 nt corresponding to the phosphomevalonate kinase gene [6]. MSA revealed that the 256-
nt region is present in a subset of S. aureus strains but absent in those covered by the 190-nt region
(Fig. 2). Therefore, neither the 256-nt nor the 190-nt region was selected as the primary target.
Nonetheless, in this study, primers and a probe were still designed for the 256-nt region to
experimentally verify the predictions from the bioinformatic analysis.

3.3. Primer and probe design

The primer and probe designed for nuc and sa442 were validated for specificity using BLAST
and cross-checked in Geneious to ensure no significant homology with non-S. aureus sequences
(data not shown). All primer pairs met the required design criteria (table 2), confirming their
potential for effective amplification across S. aureus while minimizing cross-reactivity.
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Table 2. List of primers and probes designed for gPCR.

Hairpin .
Primer/ Product| T| AG Self-dimer Hetero-
Sequence 5°-3° size (bp)|(°C)| (keal/m AG dimer AG
probe P (kcal/mole)| (kcal/mole)
ole)
nuc-qPCR- | ATTGAAGTCGAGTTT 5 62 6.61 -6.61 with
Fw GACAAAGG 4 ' ' nuc-Rv
111
nuc- CAAGCCTTGACGAAC 5 0.33 55 -9.75 with
qPCR-Rv | TAAAGC 5 ) ' nuc-probe
56/FAM/ACGTGGCTT/Z
nuc-probe- | EN/AGCGTA 6 -3.89 with
-3.05 -6.3
FAM TATTTATCCTGATGGA/ 2 nuc-Fw
3IABKFQ
sa422- CACGACTAAATAAAC 5 0.63 519 -5.19 with
gPCR-Fw | GCTCATTCG 5 ) ) sa442-Rv
156
sa422- GTATGACCAGCTTCGG 50 . 130 634 -5.00 with
gPCR-Rv | TACTAC 6 ) ) sa442-probe
sa422- FAM-
probe- CTCATTACGTTGCAT 6 6.90 with
FAM CGGA ; ; oUW
3 2.16 705 sa442-Fw
AACATTGTGTTCTGT-
BHQI13’

3.4. In-silico evaluation

In-silico PCR analysis confirmed that the designed primer set successfully amplified the target
genes (111 bp for nuc; 156 bp for sa442) of the bacterial strain S. aureus TPS3156 (AP023034.1) (Fig
3 and 4). Both primer pairs exhibited low 3’ complementarity, suggesting a low risk of primer—dimer
formation. However, moderate self-complementarity (score = 5.00-7.00) could potentially affect
amplification efficiency and should be considered to optimize performance in real experiments.

Primer pair 1

Sequence (5->3') Length Tm GC%  Self complementarity Self 3' complementarity
Forward primer ATTGAAGTCGAGTTTGACAAAGG 23 5758 3913 7.00 3.00
Reverse primer CAAGCCTTGACGAACTAAAGC 21 5781 4762 7.0 2.00

Products on target templates
>AP023034.1 Staphylococcus aureus TPS3156 DNA, complete genome

product length = 111
Forward primer 1 ATTGAAGTCGAGTTTGACAAAGG 23
Template 861499 ... 861521

Reverse primer 1 CAAGCCTTGACGAACTAAAGC 21
Template 861689 ..........iiiiiiee, 861589

Figure 3. In-silico PCR results of nuc gene using Primer-BLAST.
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Primer pair 1

Sequence (5->3) Template strand ~ Length Start Stop Tm  GC%  Self complementarity Self 3' complementarity
Forward primer ~ CACGACTAAATAAACGCTCATTCG Plus 24 1146 1169 58.82 41.67 6.00 2.00
Reverseprimer  GTATGACCAGCTTCGGTACTAC Minus 22 1301 1280 58.04 50.00 5.00 5.00

Product length 156

Products on potentially unintended templates
>AP023034.1 Staphylococcus aureus TPS3156 DNA, complete genome

product length = 156
Forward primer 1 CACGACTAAATAAACGCTCATTCG 24
Template 2570081 ... 2570104

Reverse primer 1 GTATGACCAGCTTCGGTACTAC 22
Template 2570236 .. 2570215

Figure 4. In-silico PCR results of sa442 gene using Primer-BLAST.
3.5. qPCR validation

gPCR assays were conducted with 1 standard and 5 isolated S. aureus strains to assess the
amplification of the nuc and sa442 gene. Using the designed probes and primers, the assays
successfully amplified the target genes with high amplification. For the nuc, all five S. aureus
strains were successfully detected, exhibiting consistent Ct values and stable fluorescence signals
(Fig 6A). In contrast, amplification of the sa442 gene was observed in just four strains, with
variable Ct values and inconsistent fluorescence. Strain S. aureus 9357 showed no amplification
signal with sa442 (Fig 6B), indicating that this strain carries the nuc but lacks sa442 gene. This
result is consistent with Klaassen et al., 2003 [13] who reported that sa442 was present in fewer
strains compared to nuc. These experimental findings suggest that the sa442 gene exhibits lower
sensitivity and a narrower strain coverage compared to the nuc gene. In addition, the specificity of
the designed nuc gene primers was rigorously tested against a panel of non-S. aureus bacterial
strains such as: Shigella, Salmonella, E. coli, P. aeruginosa, etc. (data not shown). The absence of
detectable signals in these non-target species clearly demonstrated that no cross-amplification
occurred. Therefore, the experimental results corroborate the predictions by bioinformatic tools,
proving an accurate tool for early experimental outcome prediction, reducing experimental costs
while still providing valuable scientific insights. Consequently, the nuc gene was selected as the
molecular marker for S. aureus detection by qPCR.

A SairesATCC25923 0
. —- S.aoreus03:
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A aureus 9358
—48 a@reufsST :
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. —A—SaursusATC025923 ST SO O SO S-S
D Saweus03
: —- 5. auréus 9358 : Y S

o +Saureus 57 s o S
: . S.auréus:iS :

TS aureus 9367
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11n|wuuuumnz4mn»nuzuw
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Figure 5. qPCR assay for S. aureus detection. (A) using nuc gene to detect S. aureus, (B) using
sa44?2 gene to detect S. aureus, NC: Negative control.

Journal of Military Science and Technology, 109 (2026), 95-103 101



Chemistry, Biology & Environment

4. CONCLUSIONS

This study demonstrates the value of bioinformatics in developing accurate diagnostics for S.
aureus. By leveraging bioinformatic software, tools and in silico analyses, we identified a highly
specific region of the nuc gene, making it a reliable target for molecular detection. Using online
tools, specific primers and probes were designed and confirmed their specificity before wet-lab
testing. This approach minimized experimental workload, enhanced assay performance, and
ensured broad strain coverage. The resulting qPCR assay confirmed a highly sensitive and specific
detection of S. aureus and supported its potential for development of a detection kit. In conclusion,
bioinformatics has proven to be powerful in the development of next-generation molecular
diagnostic tools and applications.
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TOM TAT

Ung dung tin sinh hoc trong xac dinh cac trinh ty gen dic hiéu
cho phat hién Staphylococcus aureus bang ky thuit real-time PCR

Staphylococcus aureus la mét tac nhan gdy bénh quan trong lién quan dén nhiéu vu ngé
doc thuc phcfm. Khi mdt d vi khudn dat 10° CFU/mL, S. aureus bdt dau san sinh enterotoxin
- yéu t6 chinh gdy bénh. Trong khi cdc nghién ciru truée ddy chi yéu tdp trung vdo
enterotoxin hodc cdc ching khang khdng sinh, cdc nghién ciru gan day cho thdy real-time
PCR ¢6 thé phat hién nhay ¢ mat do vi khudn thdp, trude khi déc t6 duoc tao ra. Nghién
cibu nay sir dung cdc cong cu tin sinh hoc dé danh gia 7 gen tiém ning (mecA, mecC, femA,
nuc, sa442, coa va spA) nham xdac dinh gen muyc tiéu dac hiéu nhat. PY bdo thii va tinh déic
hiéu cia trinh tw cdc gen dwoc phan tich bang Geneious va NCBI BLAST, cho thdy gen nuc
doan 430-566 la doan gen ddc hiéu tin cdy nhat. Moi va probe duoc thiét ké bcing cong cu
tin sinh cho thcfy dé dic hiéu cao va hiéu sudt qPCR 16i veu khi thi nghiém thuc t, déng thoi
xdc nhan rcfng mdc du gen sa442 co tinh dac hiéu cao nhung khong xudt hién & tat ca cdc
chiing S. aureus nhir gen nuc. Két quda nay nhdn manh gid tri ciia tin sinh hoc trong viéc lwa
chon chinh xac cac vat liéu truoc khi thyc nghiém aé phat trién bé kit qPCR phuc vu chan
dodn kiém sodt an toan thire phdm.

Tw khoa: Tin sinh hoc; Real-time PCR; S. aureus; Nuc.
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