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Abstract: Salmonella spp. is one of the most important foodborne pathogens worldwide. Given the
fact that poultry and poultry products are the main source of human infection, Salmonella control in
these farms is of utmost importance. To better control this pathogen in farms, boot swabs are used to
sample farm environments but the analysis of these swabs is mainly based on culture-dependent
methods. In the present study, a novel loop-mediated isothermal amplification (LAMP) method
was developed for the rapid screening of Salmonella spp. in boot swab samples from broiler flock
environments. Four different DNA extraction protocols were evaluated in depth, including a simple
thermal lysis, a chelex-based protocol and two thermal lysis protocols followed by the purification
of magnetic beads made of silica (“glass milk”) in order to determine the most suitable alternative
for potential on-site, farm analyses. The methodology evaluation included a blind interlaboratory
assay and as a proof-of-concept, a naked-eye colorimetric assay was also included. Following the
final methodology, it was possible to reach an LoD50 of 1.8 CFU/25 g of the samples, with a high
relative sensitivity (95.7%), specificity (100%) and accuracy (96.6%) along with Cohen’s kappa of
concordance with respect to the ISO standard 6579-1:2017 of 0.9, with an RLOD of 1.3. In addition to
this, due to the relevance of certain serotypes with the genus Salmonella spp., a serotype LAMP panel
for the specific identification of S. Typhimurium, S. Enteritidis, S. Infantis, S. Hadar and S. Virchow
was also developed. Even though some degree of cross-reactivity among the primers developed
was observed, all the serotypes could be accurately identified based on their melt curve analysis
profile. Taken together, in the present study, a rapid Salmonella spp. screening method, suitable for
farm applications, was developed, along with a serotyping panel that could be used in a laboratory
setup for the identification of the most relevant serotypes of the genus, taking advantage of real-time
amplification followed by melt curve analysis.

Keywords: loop-mediated isothermal amplification; Salmonella spp.; S. Typhimurium; S. Enteritidis;
S. Infantis; S. Hadar; S. Virchow; poultry; environment; farm

1. Introduction

The poultry market, through the production of meat and eggs, is one of the most
important sectors worldwide due to its influence in global markets [1]. Additionally, this
industry plays a crucial role in maintaining food safety. Poultry products are one of the
main sources of Salmonella spp. in the food chain. The control of this pathogen is carried out
from primary production to retail markets. Based on the European Union Regulation (EC)
No 2160/2003 [2], member states have developed their national plans for Salmonella control
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in poultry production. These plans include environmental self-monitoring sampling by
the operator to determine the presence of Salmonella spp. in farms. One sampling method,
exclusively used in the case of broilers, involves walking inside the breeding facility with
boot swabs, which are later analyzed for the presence of Salmonella spp. [3]. This procedure
has been reported to be the most sensitive and cost-effective approach for the detection of
Salmonella spp. in farms [4,5]. In addition to the genus, certain serotypes are considered
particularly relevant for human health, namely S. Typhimurium, S. Enteritidis, S. Infantis,
S. Virchow, and S. Hadar [6].

The ISO 6579-1:2017 is the reference method for Salmonella detection in the food
chain [7]. This standard applies to food and environmental control in the food industry, as
well as environmental samples from primary production. The method is based on classical
microbiology, involving two enrichment steps, selective media seeding, and confirmation
through biochemical methods. A minimum of three days is needed to classify a sample as
negative and a minimum of five days to determine if a sample is positive. These turnaround
times are further extended due to serotyping using antisera. This delays the production
system, and may pose a challenge for an industry operating on narrow economic margins.

Alternative methods for the detection of Salmonella spp., such as immunoassays like
the VIDAS or molecular methods, have been developed in recent decades [8–10]. Molecular
methods, particularly real-time PCR (qPCR), have gained importance in pathogen detection
in the food chain as they allowed us to overcome the limitations of classical, culture-based
methods [11,12]. While these methods still require a prior enrichment step, the times are
significantly shortened, and results can be obtained within 24 h. Although qPCR is the
gold standard among molecular amplification methods, it has some limitations, primarily
requiring relatively complex equipment capable of temperature ramping and fluorescence
detection [13,14].

In recent years, a series of molecular isothermal amplification techniques, such as
Recombinase Polymerase Amplification (RPA) or loop-mediated isothermal amplification
(LAMP), have emerged [15,16]. In these techniques, amplification occurs at a constant
temperature in a simple thermal block or water bath. Moreover, these techniques support
the introduction of chemicals that enable visual detection without the need for fluorescence
measurement [17,18].

The current study presented two main goals. The first was to develop a LAMP-based
method to detect the presence of Salmonella in environmental samples from poultry farms
in less than 24 h, along with a proof of concept of a low-cost, colorimetric format for future
laboratory assay decentralization. The second goal consisted of a subsequent step to be
performed on Salmonella-positive samples, and was focused on a panel of independent
LAMP assays for rapid identification of the presence of some of the most relevant serotypes
for the poultry industry, namely S. Typhimurium, S. Enteritidis, S. Infantis, S. Virchow, and
S. Hadar.

2. Materials and Methods
2.1. Bacterial Strains and Culture Preparation

All bacterial strains used in the present work are listed in Table 1. Specifically,
Salmonella Enteritidis WDCM 00030 was selected as the reference strain for the devel-
opment and optimization of the LAMP assays for the detection of Salmonella spp., as well
as the S. Enteritidis serotype-specific LAMP. S. Virchow LHICA C11/22, S. Infantis LHICA
C12/20, S. Hadar LHICA C11/21, and S. Typhimurium WDCM 00031 were used to de-
velop the corresponding serotype-specific LAMP assays. Additional Salmonella serotypes,
as well as non-Salmonella bacterial species, were used for inclusivity/exclusivity assays.
All strains were conserved in cryovials at −20 ◦C. The preparation of fresh cultures was
performed by transferring one cryoball to a 25 mL flask with 10 mL of Brain Heart Infusion
(BHI, Merck Millipore, Burlington, MA, USA) and incubated with agitation (150 rpm) at
37 ◦C during 18 h. Upon completion, the strains were plated in nutrient agar (NA, VWR,
Barcelona, Spain) and incubated at 37 ◦C for 24 h. Finally, the plates were conserved and
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4 ◦C until use. For spiking assays, Salmonella strains were grown as described and the
culture was serially diluted and samples inoculated with different volumes of different
dilutions. Also, dilutions were plated in NA to determine bacterial concentration. Buffered
Peptone Water (BPW, Merck Millipore, Darmstadt, Germany) was used for sample enrich-
ment. Semisolid Rappaport Vassiliadis medium (MRVS, DifcoTM, BD, Madrid, Spain) was
used for Salmonella selective enrichment. Xylose Lysine Deoxycholate agar (XLD, Thermo
Scientific, Oxoid) and RAPID’Salmonella agar (Bio-Rad, Hercules, CA, USA) were used for
Salmonella isolation. Media were used according to ISO 6579-1:2017 [19].

Table 1. Bacterial strains for inclusivity and exclusivity tests.

Strain Strain
Target

ttr STM4497 safA Group_29846 Group_21126 Group_27174

S. Typhimurium

WDCM 00031 + + - - - -
C13/22 + + - - - -
C3/21 + + - - - -
C4/20 + + - - - -
C4/22 + + - - - -
C7/21 + + - - - -
C9/20 + + - - - -

S. Typhimurium monophasi

C15/22 + + - - - -
C9/21 + + - - - -
C9/22 + + - - - -
C7/20 + + - - - -

S. Enteritidis

C1/20 + - + - - -
C1/21 + - + - - -
C10/20 + - + - - -
C10/21 + - + - - -
C2/22 + - + - - -
C7/22 + - + - - -

S. Hadar
C11/21 + - - + - -
C2/20 + - - + - -
C3/22 + - - + - -

S. Infantis
C12/20 + - - - + -
C2/21 + - - - + -

S. Virchow
C11/22 + - - - - +
C15/20 + - - - - +
C6/21 + - - - - +

S. Fresno C13/20 + - - - - -

S. Lawndale C6/20 + - - - - -

S. Abony C11/20 + - - - - -

S. Agama C15/21 + - - - - -

S. Agbeni C13/21 + - - - - -

S. Augustenborg C12/22 + - - - - -

S. Berta
C14/21 + - - - - -
C8/22 + - - - - -

S. Coeln C8/20 + - - - - -

S. Dublin
C1/22 + - - - - -
C5/21 + - - - - -

S. Give C5/20 + - - - - -

S. Gloucester C4/21 + - - - - -

S. Lagos C10/22 + - - - - -

S. Stanley C12/21 + - - - - -

S. Stanley C5/22 + - - - - -

S. Teddington C3/20 + - - - - -
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Table 1. Cont.

Strain Strain
Target

ttr STM4497 safA Group_29846 Group_21126 Group_27174

S. Wernigerode C14/22 + - - - - -
C8/21 + - - - - -

S. Yoruba C14/20 + - - - - -

B. cereus WDCM 00151 - NT NT NT NT NT

E. faecalis
20825 - NT NT NT NT NT

CECT 481 - NT NT NT NT NT
WDCM 00009 - NT NT NT NT NT

A. baumannii CECT 452 - NT NT NT NT NT

Klebsiella pneumoniae CECT 8453 - NT NT NT NT NT

S. uberis CECT 994 - NT NT NT NT NT

S. agalactiae CECT 183 - NT NT NT NT NT

S. dysgalactiae CECT 758 - NT NT NT NT NT

L. monocytogenes
WDCM 00110 - NT NT NT NT NT
WDCM 00021 - NT NT NT NT NT

L1AM0 - NT NT NT NT NT

L. innocua CUP 1375 - NT NT NT NT NT

P. aeruginosa WDCM 00024 - NT NT NT NT NT

P. fluorescens WDCM 00115 - NT NT NT NT NT

P. fragi WDCM 00116 - NT NT NT NT NT

E. coli

CECT 99 - NT NT NT NT NT
AMC 76 - NT NT NT NT NT

CECT 5947 - NT NT NT NT NT
C179-12 - NT NT NT NT NT

C. difficile CECT 531 - NT NT NT NT NT

S. aureus
WDCM 00034 - NT NT NT NT NT

CECT 54 - NT NT NT NT NT

Y. enterocolitica
WDCM 00038 - NT NT NT NT NT
WDCM 00039 - NT NT NT NT NT

C. jejuni AMC - NT NT NT NT NT

C. coli
UM - NT NT NT NT NT

AMC - NT NT NT NT NT

CECT: Spanish Type Culture Collection. WDCM: World Data Center for Microorganisms. AMC: collection from
the Institute of Applied Microbiology, ASMECRUZ. UM: University of Minho. CUP: Catholic University of Porto.
NT: Not tested.

2.2. Primer Design

For the detection of S. Virchow, S. Hadar, S. Infantis and Salmonella spp., new sets
of primers were designed with Primer Explorer V5 (https://primerexplorer.jp/e/index.
html, 16 December 2024). For the detection of Salmonella spp., the primers reported by
Costa-Ribeiro et al., targeting the ttr gene, were selected [20], while for the serotypes
Typhimuriums and Enteritidis, the primers described by Azinheiro et al. were selected and
targeted the genes STM4497 and safA, respectively [21]. In Table 2, a complete list of all the
primers used in the present study is provided.

For the design of the new sets of primers, the reference genomes retrieved from RefSeq
were used, including NZ_CP025094.1 (group_27174), NZ_CP121068.1 (group_21126), and
NZ_CP022069.2 (group_29846) for S. Virchow, S. Hadar, and S. Infantis, respectively.

https://primerexplorer.jp/e/index.html
https://primerexplorer.jp/e/index.html
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Table 2. Bacteria, genetic targets and primer sequences.

Bacteria Target Primer Name Sequence (5′→3′) Reference

Salmonella spp. ttr

FIP_ttr GCA TCA GCC AAC ATA GCG CCA tttt
CTA CGC CAT CCG TTA TCA CA

[20]
BIP_ttr TCA GGT ACA AAC CGT CCC CAA G tttt

CAT CCG TTC CGC CTG GTA
F3_ttr ACA CTG CTG TTC TGT AGC CT
B3_ttr AGG TGC CGA GAA TAG CCA
LF_ttr CCA GCA GGA CGC GTC TT
LB_ttr CGC GCA ATT TAA CCC TTA CTC G

S. Typhimurium STM4497

FIP_STM ACC TGC AGC TCA TTC TGA GCA G tttt
TCA AAA ACA ACG GCT CCG G

[21]BIP_STM GAA AAG GAC CAC AAG TTC GCG C tttt
TCA GTG AGC ATG TCG ACG AT

F3_STM AGC CGC ATT AGC GAA GAG
B3_STM GCG GTC AAA TAA CCC ACG T

S. Enteritidis safA

FIP_SEN AGC CCA CAG TGA GTA TCG TG tttt CGC
TGC TGG TAG TGC ATG G

[21]BIP_SEN CAG AGG TCA TGG CGC GCA AAT tttt
GGC ATT GGT ATC AAA GGT GA

F3_SEN GTT GCT AAC ACG ACA CTG GAC
B3_SEN GTG GGA TAT TCT GAG CCC CTA T

S. Infantis group_21126

FIP_INF ATA GCC CAC CCC GCA ATT TCG tttt GAC
TAC ATA CCG TAG CCC CA

Current
study

BIP_INF CCA GGCG AAT TAG TAT ACG ACC CAT
tttt TTG AGC CAA GCT TCG AGG A

F3_INF GCA GAT ATC CCA TTA AAA ACT GAG C
B3_INF CGG TAC CAA TAG TAT CCC TAC CT
LF_INF GGG CGC ATC TTC CCA ATG
LB_INF TTT GTG GTT CTG GTA CTG TGC

S. Virchow group_27174

FIP_VIR TGG GCC AGC ACA AAT GAA TAC TGT G
tttt CCA TGA TGG CAA CGG GAT

Current
study

BIP_VIR TTA GGT GGC ACC CAT CCA GTG tttt TAA
GGC AGC TCA CAA CGC

F3_VIR TGT ACC TGG TGT TTG ATA TTT CGT
B3_VIR CTG CAA TTG ACC AGT CGG T
LF_VIR TGG ATC TTA AAT AGT CAT CAA ACG A
LB_VIR CTG AAA CTT TTA TTT ATG CTT GGG T

S. Hadar group_29846

FIP_HAD GCC GTG ATT TTC TTG ACT AAT TGA T
tttt CAT GTG GCA ACA TTA GAA CG

Current
study

BIP_HAD TCT TTG GCG AGA AAA CAG CAA tttt
TCC TTC ATA AAC GGA ACC G

F3_HAD AGA AGT CCG AGA GGA TGA
B3_HAD ACA GAT TAA GTT CCC TTC CAA
LF_HAD GCA TAC TGA AGC TCT TTT TCT GC
LB_HAD ATT TGC ATT GCT GGC GT

tttt represents a polyT linker between F2 and F1c, and B2 and B1c.

2.3. Nucleic Acid Extraction

In the present work, four different DNA extraction methods were evaluated from
simple thermal lysis to other methods that include different types of purification. In all
cases, 1 mL of enriched sample was transferred to a 1.5 mL microtube and centrifuged at
900× g for 1 min to eliminate sample debris (step omitted for pure bacterial culture). The
supernatant was transferred to a new microtube and centrifuged at 16,000× g for 1 min.
The supernatant was discarded, and the pellet was used for DNA isolation. All the DNA
samples were conserved at −20 ◦C until use.
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2.3.1. Thermal Lysis (TL)

The pellet was resuspended in 100 µL of nuclease-free water and heated at 99 ◦C for
5 min at 1400 rpm in a heater block (Thermomixer, Eppendorf AG, Wesseling-Berzdorf,
Germany). Then, the sample was centrifuged again at 16,000× g for 1 min to eliminate
bacterial and sample debris and the supernatant was transferred to a new microtube.

2.3.2. Chelex

The pellet was resuspended in 100 µL of 6% Chelex®100 (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). The sample was incubated for 15 min at 56 ◦C and 1400 rpm, and then
heated at 99 ◦C for 8 min at 1400 rpm. Then, the samples were centrifuged at 16,000× g for
1 min and the supernatant was transferred to a new tube.

2.3.3. Thermal Lysis with Magnetic Bead Purification

DNA was isolated as described in Section 2.3.1, but, in this case, the final supernatant
was mixed with 100 µL of magnetic beads (Mag-Bind® TotalPure NGS, Omega-Biotek,
Norcross, GA, USA). The mixture was incubated for 5 min at room temperature. The
beads were recovered with a magnetic particle concentrator (Dynal® MPC, Invitrogen,
Carlsbad, CA, USA) until the liquid was clear. The supernatant was removed, and the
pellet was washed two times with 200 µL of 70% ethanol. Finally, the pellet was air-dried
to eliminate the rest of the ethanol leaving the caps open and the tubes in the magnetic
rack. The microtubes were retrieved from the magnetic rack and the magnetic pellet was
resuspended in 100 µL of nuclease-free water. Sample was incubated for 2 min at room
temperature and then the tubes were placed again in the magnetic rack. When the liquid
containing the released DNA was clear, it was transferred to a new microtube.

2.3.4. Thermal Lysis with “Glass Milk” Purification (GM)

This DNA extraction was based on the method described by Page, Robert, et al. with
some modifications. In this case, the pellet was resuspended in 100 µL of nuclease-free
water and 100 µL of a 4% SDS solution and incubated for 5 min at 99 ◦C and 1400 rpm in a
heater block. Then, 400 µL of 100% isopropanol, 200 µL of 1.25 M NaCl and 10 µL of “glass
milk” were added and the sample was incubated for 5 min at room temperature. After that,
it was centrifuged for 15 s in minicentrifuge at 2000× g. The supernatant was discarded,
and the pellet was washed two times with ethanol at 70%. Then, the pellet was air dried
in a heater block at 65 ◦C for 5 min with lead. After that, the pellet was resuspended in
100 µL nuclease-free water to release the DNA from the silica. The sample was centrifuged
at 2000× g and the supernatant was transferred to a new tube.

2.4. DNA Concentration and Quality

The comparison among the four DNA extraction protocols was performed by quanti-
fying the DNA concentration in all the samples spiked with Salmonella. The quantification
was performed with the dsDNA Broad Range (BR) assay kit (Invitrogen™, ThermoFisher
Scientific, Waltham, MA, USA) in combination with the commercial fluorometer Qubit (In-
vitrogen™, ThermoFisher Scientific, Waltham, MA, USA) and DNA purity was determined
with NanoDrop Lite Plus (Thermo Scientific, Waltham, MA, USA).

2.5. ttr-LAMP
2.5.1. Real-Time ttr-LAMP

Fluorescent LAMP assays were performed in a QuantStudio 12k Flex Real Time PCR
system (Applied Biosystems, ThermoFisher Scientific, Waltham, MA, USA). Primers were
designed by targeting the ttr gene. Reactions were carried using 12 µL Fast Master Mix
(ISO-004, OptiGene, UK), 800 nM of FIP/BIP primers, 400 nM of LB/LF primers and
200 nM of F3/B3 primers, 50 nM of CXR Reference Dye (Promega, Madison, WI, USA)
and 2 µL of template DNA and the remaining volume was completed with nuclease-free
water. Technical duplicates were performed for all samples, and the experiments were run
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at 65 ◦C for 30 min, with fluorescence acquisition every 30 s. Then, melt curve analysis
was performed as follows: samples were heated at 95 ◦C for 1 s, 80 ◦C for 20 s, and heated
up to 95 ◦C with temperature increments of 0.05 ◦C/s and fluorescence acquisition after
each temperature increment. Only samples with both positive technical replicates and Tm
values falling within the calculated average temperature ± its standard deviation were
considered positive.

2.5.2. Colorimetric ttr-LAMP

Colorimetric LAMP assays were performed in 1.5 mL microtubes in a heater block
(Thermomixer) at 65 ◦C for 30 min. The reaction composition and volume were the same
as the fluorescent LAMP but without ROX. After filling 1.5 mL microtubes, the top of the
tube was covered with Parafilm® leaving an opening of 1–2 mm on the hinge side of the
tube. First, 1 µL of SYBR Green I 1000X (Invitrogen™, ThermoFisher Scientific, Waltham,
MA, USA) was deposited in the center of Parafilm®. Then, the lid was carefully closed,
and the tubes were incubated. After that, tubes were shaken to mix the sample with
SYBR Green I and centrifuged for 10 s in a minicentrifuge (mySPIN 6, ThermoScientific,
Waltham, MA, USA). Positive samples were greenish while negative samples remained
orange. Furthermore, under UV light, positive samples emitted fluorescence, while the
negative ones did not.

2.5.3. Serotyping LAMP

Once the presence of Salmonella was confirmed, i.e., ttr-LAMP positive, the serotyping
LAMP was applied. A real-time, fluorescence-based LAMP to determine the five serotypes
of importance in poultry production (S. Typhimurium, S. Enteritidis, S. Infantis, S Virchow,
S. Hadar) was developed. The list of LAMP primers designed for this purpose are included
in Table 2. The reaction conditions were the same as that of the ttr-LAMP. The acceptance
criteria were the same defined as those for the ttr-LAMP in Section 2.5.1.

2.6. LAMP Validation
2.6.1. Evaluation of the Inclusivity and Exclusivity

For inclusivity assays, 54 Salmonella strains belonging to 31 different serotypes and
3 different subspecies were included. For exclusivity assays, strains from 28 other bacterial
strains, belonging to 18 different species, were included. In Table 1, a detailed list of the
microorganisms included in the present study is provided. Pure cultures were prepared as
described in Section 2.1, and the DNA of this pure culture was extracted with the method
described in Section 2.3.1.

2.6.2. Dynamic Range

The dynamic ranges covered with the different protocols described in Section 2.2
were evaluated with pure DNA extracted from the strain WDCM 00030, as well as with a
feces-spiked sample. After preparing the pure culture, and the spiked sample, the DNA
was extracted with all the DNA extraction protocols, it was quantified, ten-fold serially
diluted in nuclease-free water (Promega, Madison, WI, USA) and analyzed in technical
triplicates by ttr-LAMP.

Regarding the chicken feces, 100 µL of Salmonella overnight pure culture was diluted
in 900 µL of feces in BPW. DNA was isolated with the four methods described in Section 2.2.
Then, isolated DNA was serially diluted as for the pure culture.

2.6.3. Determination of the Limit of Detection (LoD) and Relative Limit of
Detection (RLOD)

The Limit of Detection (LoD) with confidence of 50% (LoD50) and 95% (LoD95) was
determined for the four DNA extraction methods tested as described by Wilrich and
Wilrich [22]. Regarding the Relative Limit of Detection (RLOD), the model described by
Mărgăritescu and Wilrich was used [23,24]. To determine these limits, chicken bedding
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was collected from a chicken farm and the absence of Salmonella was determined by ISO
6579-1:2017. Two pairs of boot swabs were placed in a stomacher bag with 25 g of chicken
bedding collected and spiked with different concentrations of Salmonella Enteritidis WDCM
00030. Then, samples were homogenized with 225 mL of pre-warmed BPW and incubated
for 18 h at 37 ◦C. After that, 1 mL of the sample was collected and processed as indicated
in Section 2.2 for DNA isolation with the four different methods tested. In addition,
the samples were analyzed by the reference method ISO 6579-1:2017. Briefly, after BPW
incubation, 0.1 mL was transferred to modified MRVS. Plates were incubated at 41.5 ◦C for
48 h. Suspected samples were streaked in XLD and RAPID’ Salmonella plates and incubated
for 24 h at 37 ◦C. Samples with presumptive Salmonella colonies were confirmed with the
latex agglutination test (Microgen Bioproducts Ltd., Surrey, UK).

2.6.4. Fitness-for-Purpose

Once the LoD50 with each different DNA extraction method was determined, all the
samples above the corresponding value were considered and classified as being in Positive
or Negative Agreement (PA/NA) if the ttr-LAMP result matched that obtained by the ISO
reference method and were considered to be Positive or Negative Deviations (PD/ND) if
the results did not match the reference method. Once classified, these values were used to
determine the relative sensitivity, specificity and accuracy (SE, SP and AC, respectively)
along with Cohen’s kappa of concordance (k) as previously described by Anderson et al.
and Tomás et al. [8,25].

The developed LAMP method was also tested with interlaboratory tests carried out
annually by the Central Veterinary Laboratory in Spain. This test includes ten samples
of chicken feces inoculated with 100 CFU, 10 CFU or not inoculated. The samples were
analyzed following the protocol previously described and evaluating the four DNA isola-
tion methods described. The final workflow was also used to analyze the routine samples
analyzed in the laboratory as part of the national Salmonella control plan.

2.7. Graphical Representation and Statistical Analysis

The statistical analyses and the representation of the data obtained in the present
study were performed with Graphpad Prism 10 (Boston, MA, USA). One-way ANOVA
analysis with Dunn’s test was used to determine the existence of differences between
groups (p < 0.05).

3. Results
3.1. LAMP Assay Evaluation
3.1.1. Inclusivity/Exclusivity

The evaluation of the inclusivity indicated that all the 31 serotypes and 54 strains
tested in the present study reported positive results for the ttr gene with an average melting
temperature (Tm) of 88.94 ± 0.18 ◦C. Regarding the evaluation of the exclusivity, a panel of
28 strains covering 18 different species typically encountered in food and environmental
samples were tested. None of the exclusivity panel strains reported positive results, thus
demonstrating the specificity of the assay.

When focusing on the serotype-specific assays, it was possible to amplify the different
serotypes when using the corresponding serotype-specific LAMP assay. In this sense, the
STM4497 (Typhimurium) gene reported an average Tm value of 86.98 ± 0.28 ◦C (10 strains
including monophasic variants), safA (Enteritidis) reported values of 86.19 ± 0.37 ◦C
(6 strains), and for group_29846 (Hadar, 3 strains), group_21126 (Infantis, 2 strains) and
group_27174 (Virchow, 3 strains), the Tm values were 83.46 ± 0.35 ◦C, 86.64 ± 0.21 ◦C
and 84.08 ± 0.28 ◦C, respectively, as shown in Figure 1. When focusing on the exclusivity,
20 non-target strains were tested covering 16 different serotypes, which were all positive
for ttr but all negative for the serotype-specific LAMP assays (note that all assays were
intended to be run in simplex format to avoid Tm misidentification).
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Figure 1. Graphical summary of the typical Tm values obtained for the ttr and serotyping LAMP
assays. Each assay was run in simplex format.

3.1.2. DNA Extraction Protocol Comparison and ttr-LAMP Dynamic Range

The dynamic range of LAMP assay was determined in pure DNA and feces, inoculated
with S. Enteritidis WDCM 00030. In both cases, the DNA was isolated with the four methods
described. When analyzing the pure bacterial DNA, all four protocols reached the range of
the picograms. In this sense, with TL and GM, the lowest concentration was 0.4 pg/µL,
while with the beads, the value slightly decreased down to 0.2 pg/µL and with chelex,
a value of 0.1 pg/µL was reached, as shown in Figure 2A. In the case of chicken feces
inoculated with Salmonella, differences were observed among the different DNA extraction
methods. It was determined that the sample was spiked with 8.3 log CFU of Salmonella.
Three protocols, namely chelex, TL and magnetic beads, were able to carry out detection
until 3.3 log CFU/mL, while the GM method carried out detection until 4.3 log CFU/mL,
as shown in Figure 2B.
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Figure 2. Dynamic range covered with the different DNA extraction protocols with the ttr-LAMP
assay with pure DNA (A) and with bacteria inoculated in boot swabs (B). The amplification time is
provided as Tt, Time to Threshold.

3.2. DNA Extraction Protocol Comparison

In order to better determine the performance of each extraction protocol, spiked
samples were used. There were no significant differences in the quantity of DNA iso-
lated between the different extraction protocols tested (see Figure 3A). Contrary to the
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DNA concentration, when the purity of the extracts was measured, significant differ-
ences were observed, i.e., the A260/A280 ratio of magnetic beads (1.935 ± 0.084) and GM
(1.899 ± 0.080) was significantly higher (p < 0.05) than the ratio of chelex (1.685 ± 0.351)
and TL (1.612 ± 0.441). The same results were observed with the ratio A260/A230, as
shown in Figure 3B,C.
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Figure 3. Results obtained with the different DNA extraction protocols attending to their DNA
concentration (A), 260/280 quality ratio (B) and 260/230 quality ratio (C).

3.3. Validation of the LAMP
3.3.1. Determination of the LoD and RLOD

To determine the LoD, a total of 30 samples were spiked with different concentra-
tions of S. Enteritidis WDCM 00030. Plate counts indicated that the concentration range
covered was from 16.5 to 0.96 CFU/ 25 g. Differences in the performance between the
DNA extraction protocols were observed. TL showed the lowest LoD with an LoD50 of
1.8 CFU/sample, followed by chelex with an LoD50 of 2.2 CFU/sample. Magnetic beads
and GM presented the highest LoD values with an LoD50 of 4.2 and 4.3 CFU/sample,
respectively. These results are graphically depicted in Figure 4A–D. Attending to the LoD50
values calculated for each DNA extraction protocol, the RLOD values obtained were 1.3,
2.9, 1.5 and 3.0 for TL, beads, chelex and GM, respectively (Table 3).
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Figure 4. Graphical representation of the calculation of the LOD obtained by the model developed by
Wilrich and Wilrich for the TL (A), beads (B), chelex (C) and the GM (D) extraction protocols.

Table 3. Samples analyzed.

Concentration
Range N

DNA Extraction Protocol
Thermal Chelex Beads GM ISO

4 1 + + + + +
3 2 + + + + +
2 2 + + + + +
1 6 + + + 5 +

<1 16 8 7 4 6 8
NS 2 - - - - -
HPI 2 + + + + +
LPI 2 + + + + +
NI 2 - - - - -

Concentration range values expressed as “log CFU/ sample”. “N”: number of samples. A “+” or “-” denotes that
all the samples were either positive or negative; alternatively, if a number is provided, it indicates the number
of positive samples. “ISO” refers to the reference method ISO 6579-1:2017. “NS”: not spiked. “HPI”: high
positive interlaboratory samples (57 CFU). “LPI”: low positive interlaboratory samples (10 CFU). “NI”: negative
interlaboratory samples.

3.3.2. Fitness-for-Purpose

Once the LoD50 was calculated, the samples inoculated above that value were selected
for result comparison against the reference method ISO 6579-1:2017. TL and chelex showed
only 1 ND, while magnetic beads and GM presented 2 ND. No PDs were detected with
either protocol. Considering these results, the SE for TL, beads, chelex and GM was
calculated to be 95.7, 92.3, 95.5 and 90.0%, respectively. As no PDs were observed, the SP
was 100 % in all cases, resulting in AC values of 96.6, 93.3, 96.3 and 91.7%. Lastly, the k
values obtained were 0.90, 0.76, 0.89 and 0.75. All these results are summarized in Table 4.
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Table 4. Evaluation summary.

DNA Extraction
Protocol LoD50 RLOD N PA NA PD ND SE SP AC k

TL 1.8 1.3 29 22 6 0 1 95.7 100.0 96.6 0.90
Beads 4.2 2.9 30 24 4 0 2 92.3 100.0 93.3 0.76
Chelex 2.2 1.5 27 21 5 0 1 95.5 100.0 96.3 0.89

GM 4.3 3.0 24 18 4 0 2 90.0 100.0 91.7 0.75

“TL”: thermal lysis. “GM”: thermal lysis with glass milk purification. LoD50: Limit of Detection 50%. RLOD:
Relative Limit of Detection, with respect to ISO 6579-1:2017. PA, NA, PD and ND are “Positive Agreement”,
“Negative Agreement”, “Positive Deviation” and “Negative Deviation”, respectively. SE, SP and AC are the
relative sensitivity, specificity and accuracy, respectively, and the “k” is Cohen’s kappa value.

3.3.3. Interlaboratory Blind Test

The method was also validated with an interlaboratory test. A total of eight samples
were received from the organizer. These were reported to be divided into three groups.
Two had an initial inoculation level of 10 CFU, another two a level of 57 CFU, and the
remaining two samples were not inoculated. There was a total correspondence between
the results obtained with LAMP, regardless of the DNA extraction method, and the ISO
6579-1:2017. These results were later confirmed by the organizer of the interlaboratory trial.
A total of six samples were positive for Salmonella spp., and two samples were negative.

3.3.4. Colorimetric LAMP

Taking into consideration the overall results obtained with the different DNA ex-
traction protocols, it was determined that the TL provided the best results, and so was
selected for the colorimetric LAMP proof of concept. All the samples, including the blind
interlaboratory ones, analyzed through this alternative protocol returned the same results
as those analyzed by real-time ttr-LAMP, as shown in Figure 5.
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Figure 5. Typical colorimetric results obtained with the ttr-LAMP assay. Green tubes are positive
reactions, while orange tubes are negative.

4. Discussion

Nowadays, intensive food production systems require rapid responses in order to
avoid product release and delivery. This becomes a major challenge when focusing on
microbiological determinations due to their reliance on culture-based methods, and the
situation is more complex when dealing with the detection of pathogenic bacteria as several
days of culture, isolation, identification, and characterization are needed [26]. This is not
different for environmental surveillance.
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Salmonella spp. is one of the most reported human foodborne pathogenic bacteria
worldwide. As an example, solely in Europe in 2022, a total of 65208 cases were reported,
5039 cases more compared to 2021, out of which 11,287 needed hospitalization, and resulted
in 81 deaths. For the second year in a row since the COVID-19 pandemic, the incidence
of salmonellosis has increased [27]. One of the key activities performed to control this
pathogen relies on the surveillance of flock breeding beds following the international
standard 6579 [19,28].

Molecular methods, mainly PCR/ qPCR-based ones, have already demonstrated
suitable for the reduction in analysis turnaround time [29,30]. Unfortunately, they rely on
expensive equipment and often result in difficult interpretation. LAMP has the potential
to address these issues due to its reliance on single temperature amplification, higher
robustness to typical DNA polymerase inhibitors, and compatibility with a wide range of
chemicals, which can allow for simple, naked-eye, colorimetric detection, thus opening the
door for assay decentralization [13,17,31]. In the present study, a novel method, aligned
with ISO 6579 for the detection of Salmonella spp., was developed with the idea in mind of
paving the way for future application, and implementation in farms. To this end, the ttr gene
was selected for the design of a new set of LAMP primers. This gene has been previously
reported to be suitable in qPCR and LAMP-based methods for the detection of Salmonella
spp. [32–34]. The gene encodes for tetrathionate respiration, which is characteristic of
certain genera of the family Enterobacteriaceae, including Salmonella [35].

Even though studies on the primers targeting the ttr gene have been previously
published, in-depth characterization was missing; thus, an extensive inclusivity test was
performed, including 54 Salmonella strains covering 31 serotypes, which were all correctly
identified. Regarding the exclusivity, 28 strains of 18 different species were tested, which
were all negative. The final step consisted of the determination of the dynamic range, or
analytical sensitivity reachable with these primers. This time, two parallel approaches
were followed: first, with pure bacterial DNA from a reference strain, and second in a
spiked sample. In both cases, the DNA was extracted following four different protocols
to determine if any outperformed the others and if they should be included in the final
method. These two tests allowed us to better assess the true sensitivity of the assay. When
analyzing pure DNA, it was possible to cover a 7-log dynamic range, from ~20–40 ng/µL
to 0.2–0.4 pg/µL. The only exception was the chelex protocol with which the dynamic
range covered 8 log due to a higher initial concentration (137 ng/ µL). A study performed
by Pacheco et al. compared the performance of chelex and silica particles for Salmonella
DNA extraction from boot swabs, with their results being contrary to those obtained in the
present work. It is highly possible that these differences may be explained by variation
in the overall extraction and purification process as in our study, a more aggressive lysis
protocol was followed prior to the GM application, and no particles/beads of silica were
used rather than a silica suspension [36].

When focusing on the performance of the different protocols in spiked samples,
no significant differences were observed regarding the DNA concentration recovered.
However, when focusing on the purity of the extracts, the best results were obtained with
the GM and the beads, as the 260/280 ration was ~1.9, while for TL and chelex, the ration
was ~1.7. For pure DNA, a ration of ~1.8 has been reported [37]. A similar scenario was
observed when focused on the 260/230 ratio as the GM and the beads had values ~1.3,
while the other two protocols were ~0.7. These results were not surprising as the two
protocols returning the best results include successive cleaning and purification steps,
which allow us to better eliminate contaminating compounds, while the direct TL and the
chelex do not; after the heating step, the samples are only centrifuged to pellet food and
cellular debris. These results are in line with those reported by Costa-Ribeiro et al. in terms
of the DNA concentration and purity ratios obtained with the different protocols in leafy
green samples [38].

In consideration of the overall results obtained with the different DNA extraction
protocols, it was decided to apply the TL in the final methodology due to its simplicity
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and lower cost. A study performed by Kim et al. already demonstrated the suitability
of the thermal lysis protocol for its combination with molecular methods, even though
they raised the potential issue of reaction inhibition due to the absence of DNA purifica-
tion [39]. Fachmann et al. already demonstrated that, with inhibitor-resistant polymerases,
simply applying heat can provide successful sensitive results for the detection of Salmonella
spp. [40]. It is important to note that the addition of the initial centrifugation step at a low
speed was a key step for the effective removal of inhibitory compounds, particularly for
the TL and chelex protocols. This approach has also been reported to be suitable for other
molecular biology-based methods such as the improvement of host DNA removal for next
generation sequencing analyses [41,42].

When proceeding with the validation of the novel methodology, it was determined that
the lowest LoD50 was reached with TL and the chelex protocols, followed by beads and the
GM. Similarly, the best performance parameters were obtained with TL and chelex protocols
as it was possible to reach an SE higher than 95% with a k of 0.9 and 0.89, respectively,
which were the only protocols that fulfilled the requirements set by NordVal [24]. Even
though the beads and the GM protocols provided good results in terms of SE, SP and
AC, they failed in the comparison against the reference protocol as the k values obtained
were below 0.8, falling into the range of 0.61–0.8, which is interpreted as “substantial
agreement”, instead of being in the range of 0.81–1.00, which is interpreted as “almost
complete concordance” [43]. In line with this observation was the fact that the RLOD
values obtained for TL and chelex were in the range of 0.4 and 2.5 and were considered
acceptable, while not deviating significantly from the reference method. The other two
protocols obtained values of 2.9 and 3.0, indicating significantly lower performance [44]. It
is important to note that all eight interlaboratory blind samples were correctly identified by
the ttr-LAMP method regardless of the extraction protocol followed, indicating that beads
and GM protocols show potential for this application, and with some improvements may
reach the desired performance.

Considering the results obtained, the simplicity, and its lower cost, the TL protocol
was selected for the colorimetric proof-of-concept. In this sense, the test was successful,
opening the door for potential decentralization of the method. Once demonstrated that
a simple thermal lysis protocol can be used, and provide sensitive results, the only issue
remaining would be to address the enrichment step in a decentralized setup as, due to
the selection of LAMP, all other steps of the method may be performed as demonstrated
in previous studies [45,46]. In order to reach the needed sensitivity, an enrichment step
is still required, as it can be reduced as reported by several authors for different bacterial
pathogens [47–52], but it cannot be omitted [40].

When focusing on the serotype LAMP assays, it was important to note that cross-
amplification occurred with different serotypes. However, these were not considered false
positive or unspecific results due to the fact that all the serotypes could be clearly classified
based on the melt curve peak obtained, as all five could be clearly differentiated, and no
unspecific peaks were obtained. At the present stage, the cross-amplification hinders the
applicability of the serotype LAMP as an end-point colorimetric test to be decentralized in
a similar way to that of the ttr-LAMP. However, this was not considered a major issue as
after obtaining a positive result, either on the farm or in the laboratory, the samples must
be submitted for bacterial isolation on selective media in order to isolate the bacteria. This
process must be performed in a well-equipped laboratory, where a qPCR thermocycler, or
other types of real-time fluorescence acquisition devices, is available for serotyping LAMP
assays with melt curve confirmation.

5. Conclusions

A novel LAMP-based method was developed for the rapid screening of Salmonella
spp. in broiler flock environmental samples. This novel method demonstrated to be sensi-
tive and highly specific and provided results comparable to those of the ISO 6579-1:2017
reference method, confirmed by the almost complete agreement between both methods
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with spiked and interlaboratory blinded samples. In addition to this, a colorimetric proof
of concept was also performed, and this opens the door for the future development of a
methodology suitable for in-farm analysis. Finally, the novel method was coupled with a
LAMP-based Salmonella spp. serotyping panel for the characterization of the most relevant
serotypes, namely S. Typhimurium, S. Enteritidis, S. Infantis, S. Virchow and S. Hadar. This
panel of assays allowed for the identification of these serotypes based on their melt curve
profile, reducing the resources needed for the typing of the bacteria, as well as the overall
turnaround time needed to perform the detection and characterization of the bacteria.
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