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ARTICLE INFO ABSTRACT

Keywords: Aims: The reliability of the invA gene, a gold-standard target for PCR-based diagnosis of Salmonella, has been
?almonellu enterica questioned due to false-negative results reported by some authors. Thus, evaluation of the inclusivity features of
m‘? gene invA and ttrC-based real-time PCR assays and comparison of the specificity performance of both targets for the
ttrC gene
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genus-specific molecular identification of Salmonella enterica has been carried out on a wide strain panel.
Methods and results: Genus-specific identification using two real-time PCR-based assays targeting invA and ttrC
gene fragments was performed on Salmonella strains (n = 421) of 50 different serovars isolated in Central Italy
between 2002 and 2023 from: food and veterinary samples during poultry chain surveillance, human clinical
samples, and surface water samples collected from rivers. A 99% inclusivity was recorded for both the ttrC-based
and the invA-based real-time PCR assays, with perfect agreement (Cohen's Kappa = 0.991) with the ISO/TR
6579-3:2014 and with each other.

Conclusions: Our findings suggest that both the ttrC-based and invA-based PCR assays are equally reliable for the
genus-specific identification of a wide Salmonella enterica strain panel of epidemiological relevance and are in
complete agreement. However, considering the genomic variability in some Salmonella serovars, a dual-target

PCR approach is recommended to potentially improve diagnostic accuracy.

1. Introduction

Salmonella spp. is a genus of the Enterobacteriaceae family that shows
prominent variations in serological reactions, genetic makeup, and
virulence. The genus is classified into two species: Salmonella enterica
and Salmonella bongori, and more than 2600 serovars. S. enterica is
divided into six different subspecies, named (or assigned Roman nu-
merals) as follows: enterica (I), salamae (II), arizonae (Illa), diarizonae
(ITIb), houtenae (IV), and indica (VI), although new taxonomic groups
have been recently proposed (Chattaway et al., 2021; Pearce et al.,
2021). Whereas S. bongori has no subspecies, S. enterica subspecies
enterica (S.) accounts for the vast majority of human infections, which
might also correlate with its widespread distribution in domesticated
animals. However, S. bongori and serovars of higher S. enterica subspe-
cies other than I and II are commonly associated with cold-blooded
animals.

Salmonella spp. is a major cause of gastrointestinal infections in
humans and animals. The transmission of this foodborne pathogen oc-
curs mainly over the farm-to-fork continuum, and poultry products serve
as the leading contributor. Also, in the European Union (EU), salmo-
nellosis has been reported as the second most common cause of zoonosis
after campylobacteriosis in humans (EFSA and ECDC, 2024). Invasive
non-typhoidal Salmonella (NTS) disease has been proven to be a major
public health threat (Balasubramanian et al., 2019; EFSA and ECDC,
2024; Wang et al., 2024; White et al., 2022). A worldwide estimate of
the gastroenteritis disease burden caused by NTS reported more than
93.8 million cases and 230,000 annual deaths (Majowicz et al., 2010).
Considering the epidemiological data, rapid and reliable surveillance of
Salmonella presence in food is of paramount importance for consumers'
protection in several countries, including the EU (Regulation (EC) No
2160/2003, 2003). The PCR-based molecular detection (conventional or
real-time) of pathogens in food matrices is considered a fast and accurate
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approach, as a preliminary screening of enrichment cultures, and tech-
nological advancement has made it the best choice in molecular diag-
nosis (Bell et al., 2016). Till now, DNA-based detection of S. enterica in
food and environmental samples has been carried out using many tar-
gets, i.e., unique agfA sequences (Siddiky et al., 2022), viaB (S. typhi)
(Kariuki et al., 2022), hilA (Guo et al., 2000; Veni et al., 2025), sdiA
(Halatsi et al., 2006), ttrC (Carloni et al., 2018), fimW gene (Wen et al.,
2020), ompC (Tabaran et al., 2024), and stn (Liu et al., 2024), to mention
only a few, all considered sensitive and specific.

Pathogenic Salmonella strains isolated from poultry harbor various
genes associated with Salmonella pathogenicity islands 1 and 2 (SPI-1
and SPI-2) (Shaji et al., 2023). SPI-1 enables bacterial penetration of
non-phagocytic host cells, while SPI-2 is important for survival within
macrophages and for the establishment of systemic infection (Pico-
Rodriguez et al., 2024). The invA gene encodes an inner membrane
protein essential for epithelial cell invasion and presumably induces
internalization (Hensel, 2004; Pardo-Roa et al., 2019). The invA
139-141 primer set (284 bp), identified as the most selective for Sal-
monella detection (Rahn et al., 1992), showed 99.6% inclusivity and
100% exclusivity using 242 target and 122 non-target strains (Malorny
et al., 2003a). Although bioinformatic analysis confirmed the invA gene
as an important target for Salmonella spp. identification due to its wide
distribution in different serovars linked to its major role in invasion and
pathogenesis (Mkangara et al., 2020; Shanmugasamy et al., 2011), its
reliability has been questioned by some authors, as a few false negatives
(Buehler et al., 2019; Kreitlow et al., 2021; B. T. Mohammed, 2024; Nde
et al., 2008; Turki et al., 2012; Liu et al., 2018; Yanestria et al., 2019)
and false-positives (Arnold et al., 2004; Nde et al., 2008; Resendiz-Nava
et al.,, 2019) were being reported. Discrepant invA-based PCR results
reported by different authors might be attributed to the use of different
primer sets, S. enterica subsp. IV was not detected by Kreitlow et al.
(2021) using LAMP primers, whereas it was successfully detected by
Malorny et al. (2003b) using the Rahn et al. (1992) primer set. More-
over, some serotypes of S. enterica subsp. enterica may lack the invA gene
sequence, thereby preventing its detection by PCR targeting this gene
(Ginocchio et al., 1997; Turki et al., 2012).

In contrast, recent studies highlighted the very high inclusivity and
exclusivity of ttrRSBCA-based primers (Kreitlow et al., 2021), while
Malorny et al. (2004) described first the ttr-based Salmonella spp. spe-
cific detection. The ttr locus, positioned near SPI-2, forms the genetic
basis of tetrathionate respiration (Hensel et al., 1999). This locus, car-
rying five genes (ttrA, ttrB, and ttrC encoding the structural protein for
tetrathionate reductase, and trR and trS encoding a two-component
regulator system), is considered significant in the life cycle of the
pathogen and is therefore genetically stable in all Salmonella spp.
(Malorny et al., 2004).

Being a classical gold standard method, the invA-based PCR detection
should be highly specific for the Salmonella genus since specificity is the
main criterion for the diagnostic test. Specificity has been defined as the
sum of inclusivity, “the ability to detect the target microorganism from a
wide range of other microorganisms”, and exclusivity, “the lack of
interference from a relevant range of non-target microorganisms” (ISO
16140-2, 2016; Malorny et al., 2003a). The invA gene target has been
shown to have limitations in its specificity performance; on the other
hand, the ttrC gene marker is also as reliable as invA for specific detec-
tion of genus Salmonella, however, it has not been described as a gold
standard in literature, but rather a validated alternative. Thus, our work
aimed to compare the specificity performance of two real-time PCR as-
says, using two different target sequences, one from invA and the other
from the ttrC gene, for the genus-specific molecular identification of 421
Salmonella strains (50 serovars) isolated from different matrices to
obtain a high diversity of strains and serovars as a cross section of strains
circulating in Italy, with particular focus on the poultry chain.

Journal of Microbiological Methods 244 (2026) 107471

2. Materials and methods
2.1. Strain collection and culture conditions

The strain panel used for this study included 421 Salmonella strains
belonging to the 50 most epidemiologically relevant serovars, including
the rare serovars, in Italy, obtained from the Regional Reference Center
for Enteric Pathogens (CRRPE), Marche, Istituto Zooprofilattico Sper-
imentale dell'Umbria e delle Marche, section of Tolentino. It covered a
wide time interval of twenty-two years, from 2002 to 2023 (Table 1).
Food and veterinary strains (n. 196) have been collected during the
Salmonella surveillance program for poultry meat, carried out under
Regulation (EC) No 2073/2005 on microbiological criteria for foodstuffs
(European Union, 2005), following the national Poultry monitoring plan
(Italian Ministry of Health, 2018, editions from 2008 to 2022) and

Table 1
Salmonella strains used for inclusivity tests. The origin of the strain is reported.

No. of strains

Serovars Food- Human  Surface Total
Vet* water

S. Abaetetuba 1 0 0 1
S. Abortusovis 1 0 0 1
S. Agama 0 0 1 1
S. Agona 2 0 0 2
S. Anatum 2 0 0 2
S. Blockley 17 0 0 17
S. Bovismorbificans 0 1 0 1
S. Bradford 1 0 0 1
S. Braenderup 1 0 0 1
S. Brandenburg 1 0 0 1
S. Bredeney 11 0 0 11
S. Cerro 2 0 0 2
S. Choleraesuis var. Kunzendorf 1 0 0 1
S. Coeln 3 0 0 3
S. Colorado 1 0 0 1
S. Cubana 1 0 0 1
S. Derby 1 23 17 41
S. Enteritidis 11 19 0 30
S. Fyris 0 1 0 1
S. Give 0 1 0 1
S. Goldcoast 1 0 0 1
S. Hadar 20 0 0 20
S. Haifa 1 0 0 1
S. Heidelberg 1 0 0 1
S. Infantis 64 22 19 105
S. Isangi 1 0 0 1
S. Kapemba 0 0 1 1
S. Kentucky 4 0 0 4
S. Kottbus 1 0 0 1
S. Liverpool 2 0 0 2
S. Livingstone 12 0 0 12
S. London 0 1 0 1
S. Mbandaka 5 0 0 5
S. Montevideo 1 0 0 1
S. Muenchen 1 0 0 1
S. Napoli 0 0 1 1
S. Newport 1 0 0 1
S. Panama 0 1 0 1
S. Poona 1 0 0 1
S. Rissen 1 0 0 1
S. Saintpaul 2 0 0 2
S. Schwarzengrund 1 0 0 1
S. Senftenberg 0 1 0 1
S. Stanley 0 1 0 1
S. Stanleyville 1 0 0 1
S. Strathcona 0 1 0 1
S. Thompson 10 0 0 10
S. Veneziana 2 0 0 2
Monophasic variant of Salmonella

Typhimurium (MVST) 3 5 z 55
Tot. 196 122 103 421

" Food-Vet: strains of food and veterinary origin (see Materials and methods
for details).
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during self-monitoring controls in food (European Union, 2005) and
veterinary sectors (Italian Ministry of Health, 2018, editions from 2008
to 2022). Human strains (n. 122) were isolated from people with
gastrointestinal symptoms, some of them hospitalized and were sent to
the CRRPE from the Regional hospitals' analysis laboratories partici-
pating in Enter-Net surveillance for the Marche region. Moreover,
environmental strains (n. 103) isolated by the Regional Agency for
Environmental Protection of Marche (ARPAM) in the context of surface
water monitoring for drinking water purposes in accordance with the
Legislative Decree 152/06, Part III, Annex 2, Section A and sent to
CRREPE for serotyping, were included.

In detail, the strains were collected from three different sources: 1)
human clinical samples included faeces (n. 115), blood (n. 04), urine
samples (n. 02), and wound swabs (n. 01); 2) food and veterinary
samples from the poultry chain included fresh chicken meat (n. 56),
processed chicken meat (n. 10), meat-based products (n. 04), poultry
faeces (n. 23), farm dust (n. 01), boot swabs (n. 90), environmental
swabs from food processing environments (n. 02) also from bivalve
mollusk (n. 01), fresh pork meat (n. 01), fresh turkey meat (n. 01), ovine
organ (n. 01), pepper (n. 01), porcine organ (n. 01), processed beef meat
(n. 01) and processed pork meat (n. 03), and 3) surface water samples (n.
103) were collected using sterile containers for microbiological analysis
(supplementary material, Table S1).

Strain isolation and identification were accomplished according to
the ISO 6579-1:2017/Amd 1:2020 (UNI EN ISO 6579-1:2017/Amd 1,
2020). All Salmonella strains, regardless of their origin, were serotyped
according to ISO/TR 6579-3:2014 (ISO/TR 6579-3, 2014). Briefly,
antigenic formulae and serovars were determined using the White-
—Kauffmann-Le Minor scheme (Grimont and Weill, 2007) by slide
agglutination with commercially available antisera (Statens Serum
Institut, Copenhagen, Denmark) against the somatic (O), capsular (Vi),
and flagellar (H) antigens.

Since the strain panel comprised a historic collection, Salmonella
strains were recovered from microbanks (Biolife) that were stored at
—80 °C, re-cultured on Xylose Lysine Deoxycholate (XLD) agar (Biolife),
with overnight incubation at 37 °C. Sixty-three non-Salmonella strains
belonging to 18 different bacterial genera were also included in the
study to confirm exclusivity (Table 2).

2.2. Real-time PCR protocols

Bacterial DNA for real-time PCR assays was obtained by thermal lysis
(Russo et al., 2022). Genus-specific qualitative real-time melting curve
PCR was carried out in a Real-time thermal cycler Rotor-Gene Q using
two different assays: one targeting a sequence of the invA gene and the
other a sequence of the ttrC gene, as described in the following.

2.2.1. invA-based real-time PCR assay

The primer set targeting the invA gene was based on the protocol
described by Rahn et al. (1992). The specific primer pair used to detect
Salmonella included forward 139 (5'-GTGAAATTATCGC-
CACGTTCGGGCAA-3) and reverse 141 (5-TCATCGCACCGTCAAAG-
GAAC-3), which were utilized to get an amplification product of 284 bp
(Table 3). The gel-based PCR protocol reported by Arnold et al. (2004)
using the same primers was converted to a melting curve real-time PCR
protocol by making some specific modifications as follows: The reagents
consisted of 1x TB Green Premix Ex Taq II (Tli RNaseH Plus) (TaKaRa),
10 pM of both 139 and 141 primers, and 5 pl of DNA template in a final
volume of 25 pl. The thermal protocol involved initial denaturation at
95 °C for 10 min, followed by 30 cycles with denaturation at 95 °C for
30 s and annealing at 60 °C for 60 s. Melting curve analysis was per-
formed from 72 to 95 °C, with a 1 °C increase every 5 s. The conversion
of the end-point protocol of Arnold et al. (2004) to the real-time PCR
assay described above was validated by using S. enterica ATCC 13076
DNA as positive control and non-Salmonella strains as negative controls,
as provided in Table 2. The presence of the 284 bp-specific product was

Journal of Microbiological Methods 244 (2026) 107471

Table 2

Non-Salmonella strains used for exclusivity tests.
Species Strain ID
Aeromonas spp. 52,845/23
Aeromonas spp. 57,581/23
Aeromonas spp. 34,482/24
Aeromonas spp. 36,027/24
Aeromonas spp. 44,577/24
Aeromonas spp. 47,564/24
Aeromonas spp. 56,140/24
Aeromonas spp. 11,412/25
Aeromonas spp. 18,998/25
Aeromonas spp. 23,528/25
Bacillus cereus 31,028/23
Bacillus cereus 34,398/23
Bacillus cereus 40,427/23
Bacillus cereus 30,622/24
Bacillus cereus 40,730/25
Campylobacter coli 43,465/25
Campylobacter coli 43,702/25
Campylobacter coli 44,198/25
Campylobacter coli 53,628/25
Campylobacter jejuni 2430/26
Campylobacter jejuni 1706
Campylobacter jejuni 2940
Campylobacter jejuni 2997
Campylobacter jejuni 4257
Citrobacter freundii 40,428/23
Citrobacter freundii 46,632/25
Citrobacter freundii 17,983/14
Clostridium difficile A702
Clostridium difficile A1024
Clostridium perfringens A1064
Clostridium perfringens A1057
Cronobacter spp. 39,849/23
Enterobacter cloacae ATCC 13047
Enterococcus casseliflavus V4136
Enterococcus durans V4150
Enterococcus dysgalactiae V4181
Enterococcus faecalis ATCC 29212
Enterococcus faecalis V4157
Enterococcus faecalis V4186
Enterococcus faecium V4194
Escherichia coli ATCC 25922
Escherichia coli 0157:H7 ATCC 35150
Klebsiella pneumoniae ATCC 10031
Klebsiella pneumoniae ATCC 13883
Listeria innocua ATCC 33090
Listeria monocytogenes ATCC 7644
Mannheimia haemolytica B2700
Mannheimia haemolytica B2707
Pasteurella multocida B2704
Pasteurella multocida B2695
Pseudomonas aeruginosa ATCC 10145
Shigella flexneri ATCC 12022
Staphylococcus aureus ATCC 6538
Staphylococcus aureus ATCC 25923
Streptococcus canis V4163
Streptococcus equisimilis V4195
Streptococcus suis V4189
Streptococcus uberis V4145
Yersinia enterocolitica 15,460/24
Yersinia enterocolitica 19,142/24
Yersinia enterocolitica 25,531/24
Yersinia enterocolitica 39,179/24
Yersinia enterocolitica 50,016/24

visualized by using 1.5% agarose gel electrophoresis for both assays.

2.2.2. ttrC-based real-time PCR assay

The ttrC (155 bp)-based genus-specific real-time PCR was performed
according to Amagliani et al. (2010), using the same PCR-kit as for the
invA-based amplification. The reagents included 1x master mix, 10 pM
of both trl (5-GCAGGAGGTCTGAATGACG-3) and ttr2 (5-
TTTTCCGCCAGTGAAGATAAC-3') primers (Table 3) and 5 pl of DNA
template, making the total volume up to 25 pl. The thermal conditions
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Table 3
Primers used for invA and ttrC-based real-time PCR assays.
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Primer Sequence 5-3' (length, bp) Position Gene and GenBank Access. No. Tm (°C) Amplicon length (bp)
139 GTGAAATTATCGCCACGTTCGGGCAA (26) 371-396 . 76

141 TCATCGCACCGTCAAAGGAAC (21) 636-655 invA M90846.1 71 284

ttrl GCAGGAGGTCTGAATGACG (19) 3278-3296 64

ttr2 TTTTCCGCCAGTGAAGATAAC (21) 3412-3432 trC AF282268.1 59 151

included an initial denaturation of 95 °C for 2 min, followed by 30 cycles
of 95 °C for 20 s denaturation and annealing at 63 °C for 60 s. Melting
curve analysis was performed from 72 to 95 °C, with a 1 °C increase
every 5.

2.3. Statistical analysis

Contingency tables were constructed after data collection from
clinical, environmental, and food/veterinary strains. The agreement
between the results of each invA and ttrC-based real-time PCR assays and
the real strain identity, previously determined using the UNI EN ISO
6579-1:2017/Amd1:2020 (UNI EN ISO 6579-1:2017/Amd 1, 2020), has
been assessed by Cohen's Kappa coefficient (Mackinnon, 2000) by using
the online tool GraphPad (https://www.graphpad.com/quickcalc
s/kappal/). The value has been interpreted according to Landis and
Koch (Landis and Koch, 1977). Inclusivity and exclusivity for both as-
says were calculated using the following formulae.

Formula (1)

TP 400
TP+FN  400+1

Formula (2)

N 12
TN+FP 12+0

Inclusivity = =0.99 or 99%

Exclusivity = = 1.0 or 100%

3. Results
3.1. Genus-specific real-time PCR

The standard PCR previously described by Arnold et al. (2004), once
converted into a real-time PCR assay to obtain faster results, was equally
able to detect the specific 284 bp target sequence from the S. enterica
ATCC 13076 used as positive control (not shown). Non-Salmonella
strains (Table 2) were not amplified. All clinical, food, veterinary, and
environmental Salmonella strains (n = 420) tested positive with both
invA and ttrC-based real-time PCR assays except for one rare serovar, S.
Abaetetuba (supplementary material, Table S1). Melt analysis of the
amplification products revealed peaks ranging from 88.0 °C to 89.2 °C,
with an average of 88.35 °C + 0.23, for the invA target, and from 86.5 °C
to 89.3 °C, with an average of 87.18 °C + 0.29 for the ttrC target (Fig. 1).

3.2. Agreement analysis and assays inclusivity/exclusivity

Bivariate contingency tables summarize the diagnostic performance
of invA and ttrC-based real-time PCR assays, each separately analyzed in
comparison with the reference culture method (ISO/TR 6579-3:2014)
(Table 4). A Kappa value of 0.991 with a 95% confidence interval from
0.973 to 1.00 and a Standard error (SE) of 0.009 was observed for both
invA and ttrC gene targets. The observed value indicated, therefore,
perfect agreement of each assay with the standard culture method and
with each other, according to the same scale of interpretation (Kappa
between 0.81 and 1.00) for Kappa statistics according to Landis and
Koch (Landis and Koch, 1977). Moreover, 99% inclusivity and 100%
exclusivity have been recorded for both targets (Formulas 1 and 2).

4. Discussion

The invA is considered a gene marker of unique nature for Salmonella,
after it was first acknowledged by Rahn et al. (1992), and many pro-
tocols for the genus-specific molecular detection of this pathogen are
based on this gene (Cremonesi et al., 2016; Hoorfar et al., 2000; Huoy
et al., 2024; Singh and Mustapha, 2013). In the current study, we used
the primer set initially described by Rahn et al. (1992), subsequently
validated on 242 target strains (Malorny et al., 2003b), and extensively
used by several authors in recent years (Chevez et al., 2024; Nazari
Moghadam et al., 2023; Pino et al., 2025). We tested this primer set on a
large number of strains from different origins, including epidemiologi-
cally important serovars, and compared it with another primer set tar-
geting the genus-specific sequence of ttrC (Amagliani et al., 2010). Both
the ttrC and invA primer sets offered 99% inclusivity, with only one
strain showing false-negative results for both ttrC and invA gene targets.
Moreover, the exclusivity evaluation (100%) carried out in the present
study complemented previous results from Rahn et al. (1992) and
Amagliani et al. (2010), which assessed the specificity of the invA and
ttrC primer sets, respectively. Rahn et al. tested the invA primer set
against 142 non-Salmonella strains belonging to 21 genera, while Ama-
gliani et al. evaluated the ttrC primers against 10 genera. Our results,
combined with these previous findings, suggest that the invA and ttrC
primer sets are reliable targets for detecting S. enterica.

However, the reliability of the invA gene as a gold standard has been
questioned in the past by some authors, using either the same (Arnold
et al., 2004; Nde et al., 2008; Resendiz-Nava et al., 2019; Yanestria et al.,
2019) or different primer sets (Buehler et al., 2019; Kreitlow et al., 2021;
B. T. Mohammed, 2024; Turki et al., 2012), due to some failures of PCR-
based protocols (gel-based or real-time). Both false negatives (Yanestria
et al., 2019; Nde et al., 2008) and false positives (Arnold et al., 2004;
Nde et al., 2008; Resendiz-Nava et al., 2019) were recorded with the
139-141 invA primers. Some of them (Resendiz-Nava et al., 2019)
suggested the use of ttrA/C genes for reliable detection after successful
discrimination of Salmonella and non-Salmonella strains.

The ttr locus is required for tetrathionate respiration in anaerobic
environments and is likely to be significant within the life cycle of Sal-
monella spp. (Hensel et al., 1999). Malorny et al. (2004) claimed that ttr
genes in all Salmonella strains should be considered genetically stable
and could be suggested as a reliable target for Salmonella detection, in
line with the recent report from Kreitlow et al. (2021).

The invA, as an integral part of SPI-1, is involved in encoding the
effector protein of a T3SS (Type III Secretion System) that is important
for the non-phagocytic invasion of bacteria in epithelial cells (Galan
et al., 1992; Hu et al., 2021), although it is not essential for the survival
of certain Salmonella. Indeed, its sequence is likely to be susceptible to
genetic variation or to be even missing; S. Kentucky, S. Senftenberg, and
S. Litchfield are known to occasionally lack this sequence (Ginocchio
et al., 1997). Additionally, invA diversity across Salmonella serovars has
been initially described by Ginocchio et al. (1997) and more recently by
Branchu et al. (2018), while Buehler et al. (2019) listed 362 of 2058
nucleotide sites that were variable among invA sequences.

Since PCR-based methods require high levels of homogeneity be-
tween primer and target sequences to avoid significant reductions in
PCR detection efficiency (Lefever et al., 2013). The invA diversity caused
by single-nucleotide polymorphisms (SNPs) could be responsible for
false-negative results. Especially less common subspecies and serovars
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Fig. 1. A-B showing the amplification and melting curves of the ttrC gene target, and C-D showing the amplification and melting curves of the invA gene target.
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Table 4

Contingency tables for real-time PCR results in comparison with strain identity
assessed through the ISO/TR 6579-3:2014. invA targeting assay (A); trC tar-
geting assay (B).

A Positive (invA PCR) Negative (invA PCR)

Positive (Culture) 420 (True positives)
Negative (Culture) 0 (False positives)
B Positive (ttrC PCR)
Positive (Culture) 420 (True positives)
Negative (Culture) 0 (False positives)

1 (False Negatives)
63 (True Negatives)
Negative (ttrC PCR)

1 (False Negatives)
63 (True Negatives)

might carry invA polymorphisms, as explained by Buehler et al. for
S. enterica subsp. salamae (Buehler et al., 2019). The ttrC and invA false-
negative result was reported in this study for a rare serovar, S. Abaete-
tuba, obtained from fresh pork meat. The ttrC-negative result could be
attributed to a single-nucleotide deletion observed in the binding site of
the forward primer sequence in the whole genome sequence of a refer-
ence genome (S. Abaetetuba str. ATCC 35640; Accession number:
NZ_CP007532.1; Bioproject: PRINA170546) on the NCBI database. If
our strain also possesses the same deletion, it could have prevented
efficient primer annealing, leading to a negative PCR result. Likewise,
the false-negative invA result suggests the presence of strain-specific
polymorphisms that were not observed in the reference genome.
Although we did not perform WGS, our hypothesis for amplification
failure for a single serovar could also be supported by a recent study,
which documented several non-synonymous mutations through WGS,
including both targets (ttrC and invA) used for detecting Salmonella (Hu
et al., 2021).

Nevertheless, according to the WHO (https://www.who.int/news
-room/fact-sheets/detail /salmonella-(non-typhoidal, lastly accessed
October 2025), all Salmonella serovars can cause disease in humans and
may be present in a wide range of hosts and environments. Therefore,
detection methods should also account for uncommon serovars occur-
ring not only in food matrices but also in primary production, food-
related environments, and surface waters.

Although the present study did not include all known Salmonella
serovars, which are estimated to be more than 2600, it should be
considered that the serovars investigated here are the most prevalent
and epidemiologically relevant in the food and veterinary field, as
indicated by EFSA and ECDC in their last report (EFSA and ECDC, 2024).
Indeed, while S. Enteritidis and S. Typhimurium prevalence decreased
thanks to vaccinations and other control programs in the primary pro-
duction and in the poultry chain (Commission Regulation (EC), 2006), S.
Infantis is now ranked among the top four serovars and the most isolated
in broiler production (EFSA and ECDC, 2024), and it's gaining increasing
concern, especially if considering multidrug-resistant strains possessing
antimicrobial resistance genes and the pESI-like plasmid (Russo et al.,
2024). The rare serovars like S. Breanderup in melons (Moore et al.,
2024), S. Umbilo in rocket (Rosner et al., 2024), and diverse serovars in
sesame (Anyogu et al., 2024) often cause outbreaks and are important to
take into consideration for PCR detection. However, strains more often
associated with cold-blooded animals and known as opportunistic
pathogens with low prevalence in human infections might also be
considered, since they can induce extraintestinal infections, causing a
broad spectrum of serious diseases (Lamas et al., 2018).

To overcome such issues, reported in the literature, a different
primer set could be advisable. In line with this, the revised instructions
of the US FDA, Bacteriological Analytical Manual (Wallace et al., 2024),
reporting the two FDA-developed molecular methods for rapid screening
of pre-enrichment cultures through loop-mediated isothermal amplifi-
cation (LAMP) and real-time PCR (qQPCR) (www.fda.gov/media/107724
/download, lastly accessed December 2025), include invA primers other
than those of Rahn et al. (1992).

In recent years, also thanks to the increasing application of WGS
analysis, several characteristic elements, such as integrases,
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transposases and insertion sequence (IS) elements that contribute to
mobilization as well as instability of pathogenicity islands have been
identified in S. enterica (Branchu et al., 2018). Such variability could
affect the reliability of a PCR assay using primers targeting genes within
the above-mentioned pathogenicity islands. Indeed, mutations or indels
can occur within primer and probe target regions, and depending on the
location of these mutations, PCR sensitivity can be diminished, in some
cases resulting in false-negative results. Attention should be paid to
uncommon serovars or emerging variants, as stated by Rockett et al.
(2020), who documented nucleotide diversity in primer and probe se-
quences occurring within the 52 serovars investigated.

Although our individual PCR assays showed high inclusivity, we
recommend using a dual-target PCR approach, taking into consideration
the genetic variability described by others. This will further minimize
the risk of false-negative results, especially in the case of rare serovars or
emerging genetic lineages and improve specificity and reliability. Given
the increasing reliance on PCR systems for Salmonella detection, it is
essential to regularly monitor genomic diversity in PCR target regions,
particularly among prevalent and emerging serovars of public health
significance. This can be achieved by leveraging the growing number of
NGS sequence data (Rockett et al., 2020) and continuing to isolate and
sequence Salmonella strains to track genetic variability among new
emerging lineages (Allard et al., 2013; Mohammed and Dubie, 2022).

5. Conclusion

The comparison of invA and ttrC-based real-time PCR assays showed
99% inclusivity across a diverse strain set of S. enterica serovars,
including the most epidemiologically prevalent and also the rare ones.
Hence, the concerns raised in the literature on the invA reliability using a
similar or different primer set of Rahn et al. (1992) were largely un-
confirmed in our dataset, with only one S. Abaetetuba strain testing
negative, his gold standard (invA) was successfully validated for routine
surveillance of Salmonella serovars in Italy. Concerning the rare serovars
and ongoing genetic diversity (SNPs), a two-target PCR approach can
guarantee comprehensive detection. Standard methods of microbial
detection should regularly be re-evaluated over time, and continuous
isolation and characterization of Salmonella strains are important for
ensuring the ongoing effectiveness and feasibility of these methods. The
selection and monitoring of reliable amplification targets and primer
sets for food pathogen detection in various sample types, in line with the
One Health approach, is of paramount importance for protecting con-
sumers' safety and public health.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.mimet.2026.107471.
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