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A B S T R A C T

Streptococcus suis (S.suis), a zoonotic foodborne pathogen prevalent in Southeast Asia, poses a
substantial threat to human and animal health because of its ability to cause severe and life-
threatening illnesses. To address this challenge, a rapid and highly sensitive detection platform
for S. suis in raw pork was developed by integrating loop-mediated isothermal amplification
(LAMP) and a lateral flow assay (LFA), S. suis LAMP-LFA. LAMP reactions targeting the S. suis
glutamate dehydrogenase (gdh) gene were optimized for specific detection of S. suis within 45 min
at an isothermal temperature of 65 ◦C. The assay exhibited marked sensitivity, with a detection
limit of 100 fg for genomic DNA extracted from S. suis cultures. Notably, this method showed no
cross-reactivity with other bacterial contaminants commonly found in raw pork. The resulting
LAMP amplicons were effectively detected using LFA, with a test limit of 101 CFU per 25 g of raw
pork. S. suis LAMP-LFA proved to be highly specific and reliable, with no false-positives detected
in spiked pork samples or pork samples containing other bacterial contaminants. Due to its high
sensitivity, specificity, and rapid turnaround time, the proposed technique has immense potential
as a field-deployable screening test for S. suis detection in raw pork, contributing to enhanced
food safety and public health protection.
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1. Introduction

S. suis is a zoonotic pathogen that causes economic losses to the pig industry and human health worldwide, particularly in Southeast
Asia [1]. S. suis isolates from Southeast Asian populations showed diversity in serotypes and sequence types, with serotypes 2, 1, and
104 being the major genotypes [1]. The emergence of human S. suis disease in Southeast Asia has been associated with foodborne
infections. The consumption of raw pork, blood, and offal products is a substantial contributor to the increased incidence of human
S. suis diseases in Southeast Asia [1,2]. Diagnostic procedures, such as microbiological isolation and pathogen identification, as well as
nucleic acid amplification-based techniques, have been developed to identify target pathogens. However, nucleic acid
amplification-based techniques require the use of costly apparatus and specialized personnel, which are not readily available in
resource-limited situations, limiting their applicability for field laboratory use.
Loop-mediated isothermal amplification (LAMP) is a novel method that amplifies DNA with high specificity, efficiency, and

rapidity under isothermal conditions [3–5]. Moreover, this technique rapidly synthesizes large amounts of DNA without the use of
sophisticated apparatus [6]. LAMP is a promising option for onsite nucleic acid detection because of its high sensitivity, specificity, and
simplicity [3–5]. Over the last decade, LAMP has been used to identify several foodborne pathogens, including Clostridium botulinum
[7], Vibrio parahaemolyticus [8], Salmonella spp. [9], Escherichia coli [10], and Listeria monocytogenes [11]. LAMP products can be
detected using various approaches, including gel electrophoresis, optical devices, and visual inspection [12,13]. Although these
procedures are simple and inexpensive, their reliability is restricted owing to the subjective interpretation of changes in optical
properties, such as the turbidity and color of the LAMP solution.
LAMP products can be detected using several methods, such as the naked eye, turbidity, fluorescent agents, colorimetric agents, and

lab-on-a-chip devices [14,15]. However, these approaches may involve opening the reaction tubes, which can lead to contamination
and complexity. The naked-eye approach is not sensitive to sample variability and has a high detection limit. The turbidity of positive
samples was only table for a short time, necessitating continuous monitoring [16]. LAMP endpoint detection using DNA-intercalating
dyes, such as calcein or fluorescent SYBR Green I dye, or chip-based devices requires additional reagents and labor [17,18]. Moreover,
the reaction between free calcein and magnesium ions increases the fluorescence of the LAMP assay, and DNA-binding fluorescence,
such as SYBR Green I, inhibit LAMP amplification [17,18].
Recently, a lateral flow assay (LFA) was developed for the end-point detection of LAMP products. It represents a revolutionary

technology that is low-cost, user-friendly, simple, rapid, lightweight, portable, and can be employed in various fields, including
biomedicine, agriculture, food science, and environmental monitoring [19]. In contrast to conventional detection methods, LFA
eliminates the need for specialized equipment, substantially reducing the learning curve and cost, making it suitable for widespread
implementation in homes, clinics, and field laboratories [20]. The limitations of interpreting LAMP results solely based on turbidity
and color changes in the LAMP solution having prompted the development and increasing adoption of LFA as an alternative reporting
tool, owing to their simplicity, speed, and affordability [21,22]. This study aimed to develop a novel S. suis DNA testing method that
combines the LAMP assay with LFA, S. suis LAMP-LFA, for the robust detection of S. suis in raw pork.

2. Materials and methods

2.1. Bacterial strains

S. suis serotypes 1 (DMST 26745), 1/2 (DMST 26744), and 2 (DMST 18783) were provided by the National Institute of Health,
Department of Medical Sciences, Ministry of Public Health, Non-thaburi, Thailand. S. aureus (ATCC25923), E. coli (ATCC25922),
Enterococcus faecalis (DMST4737), and S. enteritidis (DMST17368) were kindly provided by the Division of Clinical Microbiology,
Department of Medical Technology, Faculty of Allied Health Sciences, University of Phayao. All serotypes were subcultured on blood
agar plate for 18–24 h. After growth, all bacteria were biochemically identified using standard bacterial identification methods to
determine the culture purity.

2.2. DNA extraction

All bacteria isolates were suspended in Luria-Bertani (LB) broth (Becton, Dickinson and company, France) containing 20 % glycerol
and stored at − 80 ◦C before use. The DNA samples were either extracted from bacterial culture, which were grown in LB broth at 37 ◦C
for 18–24 h, or from homogenized raw pork. All bacterial DNA was isolated using the GF-1 Bacterial DNA Extraction Kit (Vivantis
Technologies, Selangor Darul Ehsan, Malaysia). Cell pellets of 1 mL of bacterial culture or homogenized raw pork were collected by
centrifugation at 6000×g for 2 min at 24 ◦C and processed according to the manufacturer’s instructions. Briefly, bacterial cell pellets
were resuspended in lysis buffer (Buffer R1) and 20 μL lysozyme (50 mg/mL) and incubated at 37 ◦C for 20 min. The lysed bacterial
cells were centrifuged at 10,000×g for 3 min. Pellets were resuspended by 180 μL of Buffer R2 and 20 μL of proteinase K and incubated
at 65 ◦C for 20 min. Buffer BG was added in the suspension and incubated for 10 min at 65 ◦C. After DNA precipitation using absolute
ethanol, the sample was transferred to a column and centrifuged at 10,000×g for 1 min. The columnwas washed by washing buffer and
eluted using 50 μL elution buffer. The DNA concentration was measured using a NanoDrop spectrophotometer (Thermo Fisher Sci-
entific, Madison, USA).
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2.3. Optimization of LAMP reaction

The LAMP primers listed in Table 1 were designed based on the published sequence of the S. suis glutamate dehydrogenase (gdh)
gene (GenBank accession no. EU872184.1) using Primer Explorer Version 5 software (Eiken Chemical, Tokyo, Japan). The LAMP
reaction mixture contained 1 × isothermal buffer (New England Biolabs Inc., Ipswich, MA, USA), 6 mMMgSO4 (New England Biolabs
Inc.), 1.4 mM dNTP (Vivantis Technologies), 1.4 mM dUTP (New England Biolabs Inc.), 1.6 μM FIP, 1.6 μM BIP, 0.2 μM F3, 0.2 μM B3,
0.32 Unit Bst DNA polymerase (New England Biolabs Inc.), 0.005 Unit Antarctic Thermolabile Uracil DNA Glycosylase (UDG) (New
England Biolabs Inc.), and DNA template from S. suis serotype 1 and 2. Thermolabile UDG and dUTP were used to eliminate carryover
contamination. The sequences of the LAMP primers used are presented in Table 1. The reaction mixtures were carried out at four
different temperatures (55, 60, 65, and 70 ◦C) for 1 h and four different incubation times (30, 45, 60, and 70 min) to optimize the
amplification temperature and incubation time, respectively. The presence of LAMP products was measured using 1.5 % agarose gel
electrophoresis and visualized using a UV transilluminator. Moreover, to prove that the designed primers of this study were suc-
cessfully amplified LAMP products, at the end of the reaction, a ladder-like band was obtained after the LAMP amplicons were
electrophoresed and visualized under UV light. A ladder-like band indicated a successful LAMP reaction.

2.4. Conventional PCR

A conventional PCR assay aimed at the gdh gene was conducted to assess its sensitivity compared to the LAMP method. For PCR
amplification, F3 and B3 primers were used as the forward and reverse primers, respectively. The PCR reaction was carried out in a 20
μL of reaction mixture containing 2× Phusion mastermix (Thermo Fisher Scientific, Madison, USA), 0.5 μM of F3 and B3 primer, DNA
template with an amount ranging from 1 fg to 40 ng, and 0.6 μL of Dimethyl sulfoxide (DMSO). The following PCR conditions were
used: initiation denaturation at 98 ◦C for 30 s, followed by 30 cycles of 98 ◦C for 10 s; 53 ◦C for 30 s; 72 ◦C for 20 s, with a final
extension at 72 ◦C for 5 min. The amplified products were stained with Novel Juice (Thermo Fisher Scientific), separated on a 2 %
agarose gel, and visualized using a UV transilluminator.

2.5. Evaluation of sensitivity and specificity of LAMP assay

Sensitivity was determined by adding 10-fold serial dilutions of S. suis serotypes 1 and 2 DNA to the LAMP reaction mixture and
conventional PCR mixture. The specificity of the LAMP assay was determined using DNA from common contaminating pathogens
present in raw pork. DNA samples of four bacterial strains isolated from the culture collection–S. aureus, E. coli, E. faecalis, and
S. enteritidis were tested using the same protocol. The LAMP and PCR products were separated using 1.5 % agarose gel electrophoresis
and visualized using a UV transilluminator.

2.6. Validation of LAMP assay with raw pork

Pork was obtained from a local market (Phayao, Thailand). The samples were artificially contaminated with S. suis serotypes 1 and
2. Pork samples (25 g) was sliced and placed in a stomacher bag and 100 mL of LB broth was added. A stomacher bag containing pork
and LB broth was shaken for 1 min using a rotator. Then, the pork washing broth sample was filtered with 0.45-μm cellulose nitrate
filter (Whatman International Ltd., Maidstone, UK) to eliminate all contaminated bacteria. Sample was spiked with a log-phase culture
(OD600 nm at 0.4–0.5) of S. suis serotype 1 and 2. To further determine the sensitivity of this technique, uncontaminated pork was
spiked with 108, 107, 106, 105, 104, 103, 102, 101, or 10◦ colony forming units (CFU)/mL of each serotype. Spiked samples were
subjected to DNA extraction as described above and detected using both the LAMP assay and conventional PCR. The amplified
products were analyzed using 1.5 % agarose gel electrophoresis and visualized using a UV transilluminator.

2.7. Preparation of anti-FITC colloidal gold conjugate

Goat anti-FITC (ab19224, Abcam, Cambridge, UK) was conjugated to colloidal gold according to the manufacturer’s protocol
(ab154873, Abcam), resulting in an anti-FITC Colloidal Gold Conjugate (anti-FITC-CGC) with an OD of 20. The anti-FITC-CGC anti-
body was subsequently tested for binding efficiency using a simple dot blot assay. Briefly, nitrocellulose membranes were separately

Table 1
LAMP primers for S. suis detection.

Primer Sequences (5ʹ-3ʹ) Length (nucleotides) Position

F3 5ʹ-CGTGTACTGTGTGGCTGAAG-3ʹ 20 1017–1036
B3 5ʹ-ACGGCCGTCTACTTCTTCA-3ʹ 19 1185–1203
FIP* FITC-5ʹ-GCGAGTCCGTAGAGAACGCCGTGCC

AACATGCCATCTGA-3ʹ
39 1037-1055/1087-1106

BIP* Biotin-5ʹ-CCAACGCTGGTGGTGTAGCTAGTCC
ATGACAAGCGAAGG-3ʹ

39 1115-1134/1164-1182

FIP, forward internal primer; BIP, backward internal primer; FITC, Fluorescein isothiocyanate; LAMP, loop-mediated isothermal amplification.
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spotted with streptavidin (434301, Invitrogen) and rabbit anti-goat immunoglobulins (anti-goat Ig (ab6697, Abcam) and subsequently
blocked with blocking buffer (2 % bovine serum albumin in phosphate-buffered saline [2% BSA/PBS], pH 7.4) for 1 h at RT. The LAMP
products of S. suis and other bacterial DNA used as positive and negative controls, respectively, were added and incubated at RT for 1 h.
After incubation, the membranes were washed five times with washing buffer (0.05 % Tween20 diluted in 2 mM PBS). Diluted anti-
FITC-CGC at OD 1 was then added to the membranes. All membranes were washed with washing buffer, and red-purple dots were
observed after shaking at RT for 15 min.

2.8. Principle of S. suis LAMP-LFA

The S. suis LAMP-LFA was designed by immobilizing anti-FITC-CGC onto a conjugate pad. Streptavidin and rabbit anti-goat IgG
were immobilized on the test and control lines, respectively. Method of S. suis LAMP-LFA was shown in Fig. 1. Briefly, double-labelled
double-stranded amplicons (LAMP product) were labelled with FITC at 5ʹ end synthesized by FIP primer whereas another 5ʹ end
synthesized by BIP primer were labelled with biotin. The LAMP products of the positive samples were bound to anti-FITC-CGC on the
conjugate pad. The complexes migrated to the test line and formed biotin-streptavidin complexes, resulting in a visible red-purple line.
The excess anti-FITC-CGC migrated further to be captured by the anti-goat IgG coated on the control line, resulting in a visible red-
purple line. For the negative sample, only one red-purple line appeared at the control line. The results can be read after purple-red
line color development in 5 min.

2.9. Competency of S. suis LAMP-LFA

The limit of detection (LOD) was evaluated based on the amount of bacterial DNA added to the LAMP assay. S. suis LAMP products
(10 μL) containing a DNA template ranging from 10 ng to 1 pg were dropped at a sample pad area and 70 μL of sample buffer was
added. The test results were observed with the naked eye within 15 min. To test this methods’ specificity, the LAMP products of the
control samples from other bacterial DNA templates, including E. coli, E. faecalis, S. aureus, and S. enteritidis were tested using the
procedure described above.
To evaluate the application of S. suis LAMP-LFA and detect the presence of S. suis in pork samples, LAMP products from spiked pork

samples were tested using the same procedure. The results were visualized within 15 min.

2.10. Evaluation of S. suis LAMP-LFA efficiency in actual pork samples

Raw pork products were collected from five local retail markets in the Phayao Province, Thailand. Each sample (25 g) was ho-
mogenized in 100 mL 0.85 % saline. The homogenate samples were streaked onto blood, chocolate, and MacConkey agar plates. Then,
all agar plates were incubated at 37 ◦C for 18–24 h. The alpha-hemolytic colonies on blood agar were spread on new blood plate
purification at 37 ◦C for 18 h. Presumptive colonies were selected for identification by Gram staining and conventional biochemical
tests, including esculin, arabinose, mannitol, sorbital, lactose, trehalose, inulin, raffinose, starch, arginine dihydrolase, and ribose. For
other bacterial contaminants of raw pork, pink colonies onMacConkey agar were identified using Gram staining and biochemical tests,
including triple sugar iron, motility indole lysine medium, citrate, urea, methyl red, and Voges–Proskauer. For LAMP, DNA samples
were extracted from the homogenates as described above and subjected to amplify the gdh gene using the LAMP reaction. The LAMP
products were analyzed using agarose gel electrophoresis and S. suis LAMP-LFA. The positive controls were DNA of S. suis serotype 1
and 2.

3. Results and discussion

3.1. Optimization of LAMP reaction

The glutamate dehydrogenase (GDH) of S. suis was cloned by Okwumabua et al. [23]. They showed that S. suis gdh is highly

Fig. 1. The schematic diagram of S. suis LAMP-LFA. LAMP, loop-mediated isothermal amplification; LFA, lateral flow assay; FITC, fluorescein
isothiocyanate; CGC, colloidal gold conjugate; Ig, immunoglobulin.
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conserved and exhibits a low rate of point mutations relative to that of other genes. GDH has been effectively used in the diagnosis of
bacterial infections, such as Clostridium difficile [24,25]. Moreover, a gdh-based PCR assay for the rapid detection of S. suis was
developed, which is highly specific and sensitive; it can detect S. suis isolates regardless of serotype or geographic origin [26]. Based on
these observations and the limitations of the current S. suis diagnostic procedures, we hypothesized that the S. suis gdh gene may be a
target for the development of the S. suis LAMP-LFA method to identify S. suis from raw pork samples.
A set of LAMP primers (F3, B3, FIP, and BIP) were constructed based on LAMP rules to exclusively detect the S. suis gdh gene [3]. gdh

has been successfully employed in the diagnosis of different bacterial illnesses. To determine the optimal temperature, the LAMP
reactions were run for 1 h at four different temperatures (55, 60, 65, and 70 ◦C) using 40 ng and 40 pg of DNA isolated from S. suis
serotypes 1 and 2 as a template. The amplified products were analyzed by standard agarose gel electrophoresis, as shown in Fig. 2A-D.
The DNA ladder of LAMP amplicon was observed only at 65 ◦C, no DNA ladder was detected at 55, 60, and 70 ◦C. Therefore, the
reaction temperature 65 ◦C, which revealed the strongest intensity of LAMP pattern, was selected for further optimization.
The results of the LAMP products from different incubation times showed that no DNA ladder was observed after 30 min of in-

cubation for either DNA template concentration, as shown in Fig. 3A-D. This result suggests that the target gene was incompletely
amplified within 30 min. Therefore, the ladder of LAMP products was detected at high- and low-concentrations of the DNA template at
45, 60, and 70 min with identical intensity. This result indicated that a reaction time of 45 min was sufficient to complete the LAMP
reaction.

3.2. LAMP reaction specificity

To verify the specificity of the LAMP approach, genomic DNAs isolated from S. suis serotypes 1 and 2 as well as four common
bacterial contaminants in raw pork, including E. coli, E. faecalis, S. aureus, and S. enteritidis [27–29] were analyzed. The detection
results showed only a positive DNA ladder for S. suis serotypes 1 and 2; inversely, all negative results were obtained from the non-S. suis
strains (Fig. 4). These results confirmed that the LAMP assay performed in this study was highly specific for S. suis serotypes 1 and 2,
whereas other bacteria contaminating raw pork were not detected. Similar results were also reported by Intorasoot et al. [30] that

Fig. 2. The optimum temperature of LAMP reaction. Four different temperatures including 55 (A), 60 (B), 65 (C) and 70 (D) ◦C at 1 h of incubation
time. Two amount of DNA template: 40 ng and 40 pg. M: 1 kb marker, Neg: sterile distilled water (negative control). LAMP, loop-mediated
isothermal amplification. The full and non-adjusted images are provided in Supplementary Figs. 1–4.

E. Prompunt et al.



Heliyon 10 (2024) e36942

6

Fig. 3. The optimum incubation time of LAMP reaction. Four different reaction times including 30 (A), 45 (B), 60 (C) and 70 (D) min at 65 ◦C.
Sample amount: 40 ng and 40 pg. M: 1 kb marker. Neg: sterile distilled water (negative control). LAMP, loop-mediated isothermal amplification. The
full and non-adjusted images are provided in Supplementary Figs. 5–7.

Fig. 4. The specificity of LAMP reaction. 40 ng of DNA from different bacterial strains including S. suis serotype 1 and 2, E. coli, E. faecalis, S. aureus,
and S. enteritidis. M: 1 kb marker. Neg: sterile distilled water (negative control). LAMP, loop-mediated isothermal amplification. The full and non-
adjusted images are provided in Supplementary Fig. 8.
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LAMP is highly specific for detecting S. suis in hemocultures without cross-amplification of several blood-borne bacteria. However, for
enhanced reliability in future applications, we propose generating a recombinant plasmid harboring the S. suis-specific sequence as a
positive control.

3.3. Sensitivity of S. suis LAMP assay comparison with conventional PCR assay

The sensitivity of the LAMP assay was evaluated and compared with that of conventional PCR using 10-fold serial dilutions of DNA
extracted from S. suis serotypes 1 and 2. The gel electrophoresis images showed that the lowest initial DNA concentrations that resulted
in a positive signal in the LAMP assay (Fig. 5A and C) and conventional PCR (Fig. 5B and D) were 100 fg and 100 pg, respectively. This
result revealed that it could detect the target gene (gdh) of both strains at very low amounts of the DNA template, which was

Fig. 5. The sensitivity of the LAMP reaction. S. suis serotype 1 DNA were amplified by LAMP reaction at 65 ◦C for 45 min (A) compared with the
standard PCR (B). The gel electrophoresis images of LAMP-amplified S. suis serotype 2 DNA samples (C) compared with the standard PCR (D). M: 1
kb marker. Neg: sterile distilled water (negative control). LAMP, loop-mediated isothermal amplification. The full and non-adjusted images are
provided in Supplementary Figs. 9–12.

Fig. 6. The binding activity of anti-FITC-CGC and specificity. Dot blot reaction for testing the binding activity (A) and specificity with the LAMP
product of other bacterial strains (B). LAMP, loop-mediated isothermal amplification.

E. Prompunt et al.
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approximately 1000-fold lower than that of standard PCR. This result indicates that the developed LAMP method is much more
effective for the amplification of S. suis serotypes 1 and 2 than standard PCR.

3.4. Evaluation of designed system for S. suis detection

To evaluate the binding activity of anti-FITC-CGC, anti-goat Ig, and streptavidin, which represent the control and test lines,
respectively, were dropped onto the nitrocellulose membranes. A red-purple dot was observed on the anti-goat Ig-coated nitrocellulose
membrane (Fig. 6A). This result indicates that anti-FITC was successfully conjugated with colloidal gold particles and could be
captured with anti-goat IgG, which was used as the control line. Furthermore, a nitrocellulose membrane containing streptavidin
showed a red-purple dot when incubated with the LAMP-positive product and anti-FITC-CGC. Conversely, a negative result was
observed when the cells were incubated with the LAMP-negative product (Fig. 6B). These results confirm that anti-FITC-CGC can be
used as a detection antibody. The specificity of the system was preliminarily evaluated using dot blotting. Streptavidin-coated
membranes were incubated with the LAMP products of bacterial stains, including S. aureus, E. coli, E. faecalis, S. enteritidis, and
S. suis. A red-purple dot was observed only in the membrane incubated with the LAMP product of S. suis, but not in the membranes
incubated with other samples (Fig. 6B). These results confirmed the specificity of the designed system for S. suis detection.

3.5. Sensitivity and specificity of S. suis LAMP-LFA

The LOD of the S. suis LAMP-LFA was evaluated using the LAMP product of the reaction which added 10-fold serial dilutions of the
DNA template ranging from 100 pg to 1 fg. The LAMP samples of S. suis serotypes 1 and 2 with an initial DNA content of >100 fg
exhibited positive results (Fig. 7A and B). Moreover, the analytical sensitivity of the LAMP-LFA was consistent with that of standard gel
electrophoresis. Therefore, the developed S. suis LAMP-LFA was much more effective to amplify S. suis 1000-fold lower than that of
standard PCR. This result corresponds to the LAMP-based method for the identification of S. suis 2 strains containing the 89K path-
ogenicity island (PAI) [31]. Five primers were constructed to target the cps2J gene, which encodes a glycosyltransferase, and the
optimized LAMP methods showed high sensitivity (7.16 copies/reaction) and specificity, comparable to real-time PCR assays.
Moreover, the accuracy and reliability of LAMP were determined for detecting ermB and mefA genes along with the macrolide
resistance genes in S. suis [32]. The detection limit of the LAMP assay was 1 fg per reaction, and 102–104-fold lower than that of
conventional PCR methods [32].
The analytical specificity of the LAMP-LFAs was determined using LAMP products from several common bacteria contaminating

raw pork, including E. coli, E. faecalis, S. aureus, and S. enteritidis. Negative results were observed for all tested control samples (Fig. 7C).
This result indicated that there was no cross-reaction with the tested non-S. suis strains. Additionally, other pork-associated foodborne
pathogens, such as Campylobacter coli and Yersinia enterocolitica, and several Gram-positive bacteria, including streptococcal species,
should be considered in specificity testing. Thus, the S. suis LAMP-LFA exhibited the superior efficiency of the established method than
conventional PCR in specificity, sensitivity, simple, and fast technique for S. suis detection. However, recombinant plasmids containing
gdh should be considered as positive controls for further studies.

Fig. 7. The sensitivity and specificity of S. suis LAMP-LFA. The positive reaction of S. suis LAMP-LFA for the detection of S. suis serotype 1 (A) and
serotype 2 (B). The specificity of S. suis LAMP-LFA with other bacterial strains (C). LAMP, loop-mediated isothermal amplification; LFA, lateral
flow assay.
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3.6. Comparing the competency of S. suis LAMP-LFA and standard PCR in spiked pork samples

To validate the efficacy of the method with pork samples, specified amounts of S. suis serotypes 1 and 2, ranging from 10◦ to 108

CFU/25 g, were spiked into raw pork and soaked in LB broth prior to testing. The results showed that the lowest DNA content of 101

CFU/25 g of S. suis serotypes 1 and 2 in raw pork was detected using LAMP (Figs. 8A and 9A) and S. suis LAMP-LFA (Figs. 8B and 9B).
However, conventional PCR samples displayed considerably weaker bands, which could only be observed at an initial DNA concen-
tration of >104 CFU/25 g (Figs. 8C and 9C). The established method showed a 1000-fold lower LOD than PCR, corresponding to the
sensitivity described above. Moreover, these findings suggest that the S. suis LAMP-LFA test may specifically amplify the LAMP
amplicons of S. suis because the detection results were not influenced by other unidentified contaminants in raw pork.
LAMP is a widely used alternative to PCR for point-of-care testing (POCT) for pathogen detection [33]. The development of rapid,

sensitive, specific, and cost-effective assays for pathogen detection is a major challenge, and there is a need for improved assays to meet
the requirements of specific target detection and one-pot multiplex detection [33]. The colloidal gold-based immunochromatographic
strip (ICS) test was developed for the quantitative detection of S. suis antigens in urine [34]. The sensitivity of the ICS test allows for the
detection of 1.0× 104 CFU of streptococci and 0.05 μg of capsular polysaccharides of S. suis. Moreover, the development of an indirect
ELISA method, called GMD-ELISA, for detecting S. suis antibodies in screening tests [35]. This method had high specificity and
sensitivity, reported that the dilution ratio of S. suis-positive serum reached 1: 6400 [27]. Notably, the development of LAMP to detect
S. suis and its application in raw pork has been reported [28]. This approach, known as LAMPSS, targets S. suis recombination/repair
protein (recN) genes, and uses turbidity for detection [28]. The detection limit of the LAMPSS was estimated to be 5.4 CFU/reaction
(58.3 CFU/mL of TH culture) [36]. Although diagnostic procedures for S. suis detection have been developed, rapid, sensitive, specific,
and cost-effective assays for S. suis detection need to be established, especially POCT for pathogen detection. Thus, we developed a
screening system combining LAMP and a lateral flow assay to detect S. suis in raw pork. We found that S. suis LAMP-LFA, which targets
S. suis-specific gdh gene, was highly specific and reliable, with no false-positive results. This screening S. suis platform could be used as a
potential screening tool for S. suis detection in field laboratories.

Fig. 8. Detection of S. suis serotype 1 in spiked raw pork samples. The gel electrophoresis images of S. suis serotype 1 amplified by the LAMP method
(A), S. suis LAMP-LFA (B), and conventional PCR reaction (C). Samples: raw pork samples spiked with S. suis from 10◦ to 108 CFU/25 g (before
amplification), M: marker, Neg: raw pork without S. suis. LAMP, loop-mediated isothermal amplification; LFA, lateral flow assay. The full and non-
adjusted images are provided in Supplementary Figs. 13–14.
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3.7. Efficiency of S. suis LAMP-LFA in actual pork samples

Conventional culture, biochemical tests, and S. suis-LAMP-LFA were used to detect S. suis and contaminating bacteria in raw pork
samples from five local retail markets in Phayao Province, Thailand. Culture and biochemical testing revealed that the contaminating
bacteria in raw pork were E. coli and Klebsiella pneumoniae. The alpha-hemolytic colonies believed to represent S. suis were not
observed. The LAMP products were validated using agarose gel electrophoresis, which revealed no DNA ladder bands (Fig. 10A).
S. suis-LAMP-LFA results for all samples were negative for S. suis as shown in Fig. 10B and Table 2. These findings further suggest that
the S. suis-LAMP-LFA test may exclusively show positive results for S. suis, but not for other unknown contaminants in raw pork.

4. Conclusion

S. suis poses a substantial threat to both the pig industry and public health, necessitating the development of efficient detection
methods. This study successfully addressed the need for a rapid, simple, and reliable approach for detecting S. suis in raw pork by
integrating LAMP and LFA to detect the S. suis-specific gdh gene. S. suis LAMP-LFA demonstrated high specificity and accurately
identified S. suis serotypes 1 and 2 without cross-reacting with common bacterial contaminants in raw pork. Moreover, it exhibited
exceptional analytical sensitivity, detecting the target gene at concentrations as low as 100 fg, surpassing the sensitivity of standard
PCR by approximately 1000-fold. The effectiveness of this method was further emphasized by real sample validation, where it out-
performed standard PCR in detecting lower DNA concentrations in raw pork. S. suis LAMP-LFA, owing to its simplicity. S. suis LAMP-
LFA is a promising screening tool for S. suis detection in field laboratories, offering valuable contributions to the mitigation of eco-
nomic losses in the pig industry and prevention of severe infections in humans associated with this bacterial pathogen.
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Fig. 9. Detection of S. suis serotype 2 in spiked raw pork samples. The gel electrophoresis images of S. suis serotype 2 amplified by LAMP method
(A), S. suis LAMP-LFA (B), and conventional PCR reaction (C). Samples: raw pork samples spiked with S. suis from 10◦ to 108 CFU/25 g (pre-
amplification), M: marker, Neg: raw pork without S. suis. LAMP, loop-mediated isothermal amplification; LFA, lateral flow assay. The full and non-
adjusted images are provided in Supplementary Figs. 15–16.
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Fig. 10. Detection of S. suis in actual raw pork samples. The gel electrophoresis image of LAMP products of S. suis serotype 1 and 2, and pork
samples (A) and S. suis LAMP-LFA (B). M: DNA marker. LAMP, loop-mediated isothermal amplification; LFA, lateral flow assay. The full and non-
adjusted images are provided in Supplementary Fig. 17.

Table 2
Result of S.suis detection in actual raw pork samples.

Local retail market Number of isolations Result

Culture and biochemical test LAMP reaction S. suis-LAMP-LFA

1 1 E. coli Negative Negative
2 1 E. coli Negative Negative
3 2 E. coli, K. pneumoniae Negative Negative
4 2 E. coli, K. pneumoniae Negative Negative
5 1 E. coli Negative Negative
Positive control: S.suis serotype1 Positive Positive
Positive control: S.suis serotype1 Positive Positive

LAMP, loop-mediated isothermal amplification; LFA, lateral flow assay.
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influence the work reported in this paper.

Appendix A. Supplementary data
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