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Abstract
Salmonella is a common intestinal pathogen that can cause food poisoning and intestinal disease. The high prevalence of 
Salmonella necessitates efficient and sensitive methods for its identification, detection, and monitoring, especially of viable 
Salmonella. Conventional culture methods need to be more laborious and time-consuming. And they are relatively limited 
in their ability to detect Salmonella in the viable but non-culturable status if present in the sample to be tested. As a result, 
there is an increasing need for rapid and accurate techniques to detect viable Salmonella spp. This paper reviewed the status 
and progress of various methods reported in recent years that can be used to detect viable Salmonella, such as culture-based 
methods, molecular methods targeting RNAs and DNAs, phage-based methods, biosensors, and some techniques that have 
the potential for future application. This review can provide researchers with a reference for additional method options and 
help facilitate the development of rapid and accurate assays. In the future, viable Salmonella detection approaches will 
become more stable, sensitive, and fast and are expected to play a more significant role in food safety and public health.

Keywords  Viable Salmonella · Detection methods · Culture-based methods · Nucleic acid detection · Phage-based 
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Introduction

Salmonella is a Gram-negative, non-spore-forming, rod-
shaped bacterium belonging to the Enterobacteriaceae fam-
ily and is the leading cause of foodborne illness worldwide 

[1]. The genome of Salmonella ranges between 4460 and 
4857 kb and varies between serotypes. Salmonella is a lac-
tose fermentor (some subspecies) and bisulfite producer and 
is oxidase-negative and catalase-positive [2, 3]. Salmonella 
hydrolyses urea, using citrate and decarboxylated lysine as 
its sole carbon source [4].

Salmonella species harbor in the intestines of humans and 
farm animals. Reptiles and insects are also hosts for Salmo-
nella. In addition, eggs, poultry, pork, beef, dairy products, 
nuts, vegetables, and water are sources of Salmonella. The 
risk of infection is high in low- and middle-income countries 
or societies, with more than 100 infections per million peo-
ple per year [3, 5]. According to the World Health Organiza-
tion (WHO), Salmonella ranks first among 22 critical food-
borne pathogens [6]. And Salmonella is the second leading 
causative agent of foodborne pathogens in the EU and the 
USA, preceded by Campylobacter spp. and norovirus [7, 8]. 
Salmonella causes an estimated 10,000 cases of foodborne 
illness in the United States annually, accounting for 28% 
of hospitalizations and 35% of deaths attributed to known 
foodborne bacterial pathogens [9, 10]. In Asia, bloodstream 
infections caused by Salmonella enterica account for 30% of 
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all community-acquired infections, while in Africa, 29.1% of 
community-acquired bloodstream infections are caused by 
the same Salmonella species [11, 12]. The high prevalence 
of Salmonella necessitates efficient and sensitive methods 
for identification, detection, and monitoring, especially for 
viable Salmonella spp.

Growth and division are the main reference indicators 
for identifying bacterial viability, usually through the abil-
ity of bacteria to multiply in nutrient media. However, it 
has been found that many bacterial species exist in a viable 
but non-culturable (VBNC) state [13–15]. VBNC bacteria 
are characterized by a loss of culturability on conventional 
media. Therefore, they cannot be tested by traditional culture 
methods, leading to an underestimation of the total number 
of viable bacteria in the study population. However, patho-
genic bacteria in the VBNC state have intact cell membranes 
and maintain a membrane potential, unlike dead bacteria 
cells whose membranes have disintegrated. Besides, VBNC 
bacteria retain virulence and can recover and cause infec-
tion under favorable conditions. Studies have shown that 
Salmonella induces a VBNC state when exposed to nutrition 
starvation, salt stress, low-level acidity, and low tempera-
tures [16]. Therefore, accurate detection of viable bacteria, 
especially pathogens in the VBNC state, is essential for sci-
entific prevention and control of outbreaks.

Culture-based counting methods have been the “gold 
standard” for quantifying viable bacteria. In addition to 
being used to measure the number of viable bacteria in food, 
it is also commonly used to test water quality [17]. However, 
it has been found that not all viable bacteria can be cultured. 
On the one hand, artificial culture conditions are challenging 
to meet the growth requirements of many bacteria, resulting 
in the inability of viable bacteria to grow on the medium. On 
the other hand, bacteria exist in the VBNC state and when 
cultured under conventional conditions, they do not grow 
and multiply, but remain metabolically active. In addition, 
selective enrichment cultures, biochemical analysis, serolog-
ical identification, molecular identification, and mass spec-
trometry are often necessary to confirm specific information 
about the isolate [18]. Moreover, the non-uniform distribu-
tion and low abundance of pathogens in food samples, the 
heterogeneity of food matrices, and the presence of indige-
nous bacteria that may interfere with the isolation of specific 
pathogens can all affect the accuracy of culture results [19]. 
As a result, culture-based methods often struggle to meet 
diverse and realistic needs. To overcome the limitations of 
culture-based methods, researchers have proposed a variety 
of more rapid, alternative, culture-independent methods to 
improve the detection of viable bacteria.

This paper classified and summarized the various pub-
lished methods for the rapid detection of viable Salmonella, 
including culture-based methods, molecular methods tar-
geting RNAs and DNAs, phage-based methods, biosensors, 

and other innovative methods (Scheme 1). And we initially 
discussed the advantages and possible limitations of these 
methods to provide a methodological reference and theoreti-
cal basis for research and applications related to the detec-
tion of viable Salmonella spp.

Culture‑based methods

Membrane integrity‑based staining assays

The integrity of the cell membrane is a recognized charac-
teristic of a viable cell, as cells with damaged membranes 
are near death or already dead [20]. There are several ways 
to test cells’ membrane integrity and viability. Polar stains 
cannot penetrate surviving cells with intact membranes but 
can penetrate dead cells with damaged membranes [21, 22].

The use of staining has shown obvious advantages in 
the detection of VBNC bacteria. Staining is a method that 
directly indicates the ratio of viable to dead cells and allows 
the membrane integrity of VBNC bacteria to be detected. 
Methods based on dual staining reagents, such as the LIVE/
DEAD BacLight™ bacterial viability system, can be used to 
detect VBNC Salmonella [10]. It can also be used to observe 
the dynamics of dead and living cells over time. However, 
it is worth noting that the structure of cell membranes and 
their composition varies considerably in different bacteria, 
so it remains challenging to use membrane integrity as a 
biomarker to analyze viability in mixed cultures or environ-
mental samples [23].

Duffy et al. detected viable pathogens by extracting over-
night cultured Salmonella cells onto a polycarbonate mem-
brane and then using anti-Salmonella monoclonal antibodies 
linked to an antibody-conjugated fluorescent stain (Texas 
Red) and a vitality stain (Sytox Green) [24]. This direct 
staining method could detect viable Salmonella in fresh and 
processed meat.

To circumvent the limitations of reactive dye extrusion 
or cell dormancy on enzyme activity, Caron et al. developed 
a rapid triple fluorochrome staining procedure that actively 
excluded ethidium bromide (EB) (metabolically active 
cells), absorbed EB but excluded peroxisomes and allowed 
uptake of two dyes (depolarization) [25]. Permeabilized cells 
were identified by uptake of propidium iodide (PI).

In addition, flow cytometry makes it possible to distin-
guish between live and dead bacteria based on fluorescence 
results [26, 27]. Flow cytometry (FCM) is a technique that 
can be used to rapidly determine a target’s optical and fluo-
rescent properties. It can be used to perform colony counts 
and the analysis is not dependent on microbial growth, 
allowing the detection of bacteria that cannot be grown on 
agar plates (e.g. VBNC bacteria). Besides, the addition of 
counting beads to the LIVE/DEAD BacLight™ Bacterial 
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Viability Kit allows conversion of FCM data to the number 
of cells per unit volume (Fig. 1) [28, 29]. Flow cytometric 
analysis has recently been increasingly used to detect live 
bacteria. Wang et al. efficiently detected single viable Sal-
monella cells within 7 h using FCM by double staining with 
fluorescein isothiocyanate (FITC)-labeled anti-Salmonella 

antibodies and PI dye [30]. Khan et al. reported an opti-
mized staining protocol and method for FCM that allowed 
the enumeration of VBNC bacterial cells within 70 min [31]. 
Experiments were performed using FCM to quantify VBNC 
Salmonella Typhimurium cells after staining with different 
fluorescent probes (e.g., SYTO 9 and PI). The FCM data 

Scheme 1   Current methods for 
the detection of viable Salmo-
nella spp.

Fig. 1   Schematic diagram of 
live/dead backlight staining 
and its application in combina-
tion with FCM. a Staining of 
viable and dead bacteria using 
the LIVE/DEAD BacLight™ 
Bacterial Viability Kit show 
green and red, respectively. [28] 
b Dot plot of SYTO 9 fluores-
cence versus PI fluorescence. 
The gates with green, red and 
yellow dots represent viable 
cells, dead cells and counting 
beads, respectively [29]
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were compared with data from standard nutrient agar, and 
the results showed the value of the method for rapid and 
unbiased detection of dead versus live organisms.

It is important to note that dye-based assays are suscepti-
ble to pH, dye concentration, user handling, and background 
light, and that dyes can pose a health risk to the operator. In 
addition, fluorescence microscopic observation of counts is 
unsuitable for detecting large sample volumes. Staining can 
also be combined with flow cytometry techniques for quan-
titative detection, significantly increasing automation. How-
ever, flow cytometry is still relatively expensive, requires a 
large amount of dye, and is unsuitable for large-scale testing.

Esterase substances‑based assays

The esterase substrate diffuses into the cell due to its neu-
tral charge and is converted into fluorescent material by 
the intracellular esterase. Thus, surviving cells producing 
esterase can convert the suspension into a fluorescent emit-
ting substance, whereas in dead cells, the rest remains unhy-
drolyzed and inactive [32]. This method demonstrates the 
enzyme’s activity and the cell membrane’s integrity. Calcein, 
fluorescein diacetate, and carboxyfluorescein diacetate are 
commercially available esterase substrates used in viability 
studies. Esterase substrates such as calcein AM are con-
verted to fluorescent end products in the presence of intra-
cellular esterases that hydrolyze acetoxymethyl esters [33]. 
Similarly, fluorescein diacetate and carboxyfluorescein diac-
etate are converted to fluorescein by the action of intracellu-
lar esterases and retained in the cell, where they are observed 
by flow cytometry [34]. Roth-Konforti team reported two 
new chemiluminescent probes (CLSP and CLLP) for the 
ultra-sensitive direct detection of viable bacteria [35]. The 
CLSP and CLLP probes consist of phenoxy dioxane lumi-
nophores masked by trigger groups that could be activated 

by specific bacterial enzymes to detect their corresponding 
bacteria with a limit of detection approximately 600 times 
lower than that of fluorescent probes. In addition, the method 
could detect at least 10 Salmonella spp. in 6 h. The assay 
allowed bacterial enrichment and detection in a single tube 
without the need for an additional sample preparation step. 
Besides, ATP is also an indicator of metabolically viable 
cells. Hunter et al. detected Salmonella Typhimurium in 
foods down to 104 CFU mL–1 using a combined ATP biolu-
minescence immunoassay, independent of the presence of 
non-target cells [36]. Pal et al. used antibody-functionalized 
Zn-MNCs to capture and magnetically isolate Salmonella in 
milk with a detection limit of 10 CFU mL–1 using an ATP 
luminometer [37].

It is worth mentioning that the bioluminescence method 
requires simple equipment and reagents, is a rapid method 
and can give a more precise range of viable bacteria in a 
short time (Fig. 2). However, it is still less sensitive and sus-
ceptible to external factors (e.g., non-bacterial ATP, dilution 
concentration, temperature, acidity, alkalinity, etc.).

Applications of biosensors

Interdigitated microelectrodes (IMEs) are impedance sen-
sors for rapid detection of Salmonella Typhimurium in a 
selective medium and milk samples [39]. Yang et al. found 
that there was a linear relationship between the detection 
time of the onset of impedance change and the logarithm 
of the initial cell count of S. Typhimurium in the culture 
medium and milk samples. Based on this method, a mini-
mum of 1 viable cell in the sample could be detected. In 
2006, they selectively isolated S. Typhimurium from the 
samples using immunomagnetic beads coated with anti-
Salmonella antibodies [40]. They found by analyzing the 
equivalent circuit of the IME system that the impedance 

Fig. 2   A protocol for the bio-
luminescence determination of 
intracellular ATP in biological 
samples [38]
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change in the BHI broth was a change in the bilayer capaci-
tance due to the growth of Salmonella. It is worth noting that 
effective immunological separation of the target organism is 
required to obtain selectivity when using the non-selective 
medium.

Rapid and effective detection of foodborne pathogens is 
a societal priority as well as a scientific and technical chal-
lenge, as one viable cell needs to be detected in 25 g of food. 
Papadakis et al. pre-enriched one Salmonella cell in 25 mL 
of milk for 3 h and then used immunomagnetic beads to cap-
ture cells afterward, followed by DNA amplification using 
a loop-mediated isothermal amplification (LAMP) method 
and successful detection in combination with micro-/nano-
technology and acoustic waves [41].

Mantzila et al. constructed a faradic impedimetric immu-
nosensor that can be used to detect S. Typhimurium in milk 
by cross-linking polyclonal anti-Salmonella on a gold elec-
trode [42]. The sensor response increased with detection 
time due to the proliferation of viable Salmonella cells in the 
sample under test while virtually insensitive to dead cells.

Immunological assays

Surface plasmon resonance imaging is an optical method 
based on a biosensing chip capable of observing and quan-
tifying the interactions of nano- and micron-sized objects 
near metal surfaces with both temporal and spatial resolu-
tion [43]. Based on surface plasmon resonance imaging of 
antibody arrays and bacterial growth during enrichment, the 
method established by Morlay et al. allowed the detection 
of 30 CFU of Salmonella cells in 25 g of powdered infant 
formula within 1 day [44].

Microfluidics allows millions of cells to be generated 
and evaluated in a matter of hours compared to traditional 
culture-based methods, which are limited by the growth rate, 
plate size, appropriate dilution, cell density, and the inability 
to culture certain environmental bacteria [45]. Harmon et al. 
used fluorescently-labeled anti-S. Typhimurium antibodies 
and relative fluorescence intensity, combined with in-droplet 
culture, to detect viable Salmonella within 5 h [46].

Other reported assays

Thiazole orange monoazide (TOMA), a new DNA dye that 
blocked DNA from dead bacteria, was introduced based on 
the metabolic activities of bacteria [47]. After 3 h of enrich-
ment in pure cultures, recombinase-aided amplification 
(RAA) in combination with TOMA (TOMA-RAA) could 
detect 3.5 × 102 CFU mL–1 of viable Salmonella in samples.

In addition, viable Salmonella Typhimurium was detected 
by monitoring bacterial growth in selenite cystine broth sup-
plemented with trimethylamine hydrochloride and mannitol 
using a three-electrode electrochemical impedance technique 

(1 Hz capacitance at a low frequency and 1 MHz resistance 
at a high frequency) [48].

The mammalian cell-based assays detect pathogen–host 
cell interactions and respond only to viable pathogens, but 
the short shelf-life of mammalian cells is a significant obsta-
cle to their widespread use. Xu et al. extended the shelf-
life of mammalian cells by using formalin and used them 
to capture viable pathogens, while specific detection was 
performed with antibodies [49]. The method allowed the 
detection of 1–10 CFU 25 g–1 of S. Enteritidis and S. Typh-
imurium in artificially infected materials within 12 h.

By combining culture with PCR, Löfström et al. devel-
oped a method for the simple and rapid detection of viable 
Salmonella with a detection limit of 1 CFU 25 g–1 of feed 
and a higher positive detection rate than the culture method 
[50]. Hice et al. used magnetic ionic liquid (MIL) solvent 
to extract and concentrate viable bacteria and recombinase 
polymerase amplification (RPA) to detect Salmonella-
specific DNA [51]. The MIL-RPA method allowed the 
detection of viable Salmonella at concentrations as low as 
103 CFU mL–1.

Fujikawa et al. developed a method for estimating the 
number of viable Salmonella Enteritidis cells by qPCR with 
5’-nuclease based on invA of microorganisms grown in sam-
ples during culture [52]. As Salmonella cells grew, the CT 
values decreased over time, producing a downward sigmoi-
dal curve. The slope of the curve was constant at different 
initial cell concentrations. An increase in cell concentration 
leaded to a decrease in CT value, which was seen in terms of 
slope over time. Dead Salmonella cells caused a deviation in 
the CT curve. The method has also been validated for vari-
ous foods and applied to the estimation of live cell counts of 
the target microorganisms [53].

It has been suggested that the integrity of the mem-
brane may be a very conservative criterion for determining 
microbial viability [54]. Nocker et al. suggested the use of 
“activity-labile compounds” to selectively detect cells with 
metabolic and respiratory activity (while excluding inactive 
dead cells from detection) [55]. In addition to their potential 
usefulness for viability assessment, these new compounds 
could facilitate the selective amplification of nucleic acids 
in cells with relevant metabolic activity. Additionally, the 
redox reaction between quinone and viable microorganisms 
produces active oxygen species. Yamashoji et al. measured 
the rate of active oxygen production by luminol chemilu-
minescence and found that the luminescence intensity was 
proportional to the number of surviving cells [56]. This 
chemiluminescence assay is simple, rapid, and applicable.

In general, culture-based methods are based on the repro-
ductive growth of viable bacteria. Although culture-based 
methods are relatively inexpensive and easy to use, they 
require at least 2–3 days to produce results. Waiting for cul-
ture results causes a delay in detection and lacks timeliness. 
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The culture method is even more helpless for bacteria in a 
VBNC state unless the bacteria can be successfully restored 
from that state to a culturable state. Many studies have dem-
onstrated that bacteria can be recovered under appropriate 
conditions, and various recovery methods exist. However, 
there is no universal method to recover all VBNC-status 
bacteria.

Methods for targeting RNAs

rRNAs

Ribosomal RNAs (rRNAs) are a class of housekeeping genes 
with high copy numbers and short half-lives (Fig. 3). As 
rRNA molecules are only transcribed in metabolically active 
cells and are rapidly degraded after metabolism has ceased, 
direct analysis of rRNA molecules can reveal the diversity 
and, to some extent, the number of metabolically active 
organisms [57, 58]. Xue et al. used nucleic acid sequence-
based amplification (NASBA) to amplify 16S rRNA directly 
and utilized Cas13a/crRNA to identify amplicons for sensi-
tive (close to 1 CFU and 1% viable bacteria detectable) and 
rapid (within 2.5 h) detection of viable Salmonella [59].

Fluorescence in situ hybridization (FISH) has been a 
promising method in this regard. The ability of FISH to dif-
ferentiate viable from non-viable cells depends on the rapid 
degradation of rRNA in non-viable cells. Taking advantage 
of the cellular delivery properties of polyhexamethylene 
biguanide, Adebowale et al. used it in combination with 
FISH to deliver oligomers targeting 23S rRNA and to rap-
idly detect viable Salmonella [61]. This strategy enabled a 
fixation-free protocol and hybridization in a single reaction. 
Similarly, the study by Rathnayaka et al. also confirmed that 

rRNA-based FISH could distinguish viable Salmonella from 
non-viable cells, especially for samples subjected to extreme 
heat [62].

Typically, the propidium monoazide or ethidium mon-
oazide-based PCR techniques result in a 3.5 log reduction 
in dead bacteria compared to the associated deadly bacte-
ria without treatment. However, more than this difference 
may be required to completely inhibit DNA amplification 
in high concentrations of dead Enterobacteriaceae (> 106 
cells mL–1) in PCR due to the potential for contamination in 
pasteurized milk. With this in mind, Soejima et al. treated 
milk samples with 23 μM PMA to completely inhibit long 
DNA amplification of 16S-23S rRNA and then used RT-
qPCR to amplify the above targets, with a detection limit up 
to 2.5 logs CFU per PCR against viable Salmonella Enter-
itidis [63].

mRNAs

Messenger RNA (mRNA) is considered to be a better indi-
cator of cell viability than DNA, as this molecule is only 
present in metabolically live cells [64]. Therefore, detecting 
RNA, especially the highly unstable mRNA, is usually a 
better indicator of the presence of living cells than detection 
of DNA. Also, mRNA is only produced by metabolically 
viable cells, making mRNA suitable for specifically detect-
ing living microorganisms [65, 66]. Quantity of mRNA can 
be correlated to cell viability and cells’ ability to grow, i.e., 
their culturability [67]. In addition, using RNA as a detection 
material has the advantage of greater sensitivity, as there 
are even hundreds of RNA copies corresponding to a single 
gene. If the copy number is high enough, rapid detection of 
Salmonella can be achieved, and enrichment may not be nec-
essary. It has been shown that by using NASBA to amplify 

Fig. 3   Principle of viable bac-
teria detection based on rRNAs 
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mRNA transcribed from the dnaK gene, there is a significant 
difference (P > 0.01) between the amplification signals of 
mRNA extracted from surviving and heat-dead cells of the 
same population [68]. Zhou et al. developed an RT-qPCR 
targeting sigDE mRNA for the specific detection of viable 
Salmonella enterica, which could detect Salmonella down to 
1 CFU mL–1 from egg broth and milk after pre-enrichment 
[69].

To rapidly differentiate in vivo Salmonella enterica, 
Zhai et  al. developed a NASBA method targeting xcd 
mRNA with high specificity and low detection limits [70]. 
González-Escalona et al. demonstrated that invA mRNA-
based RT-qPCR could achieve results comparable to those 
of the FDA’s Bacteriological Analytical Manual Salmonella 
culture method for viable Salmonella detection [71]. Miller 
et al. also demonstrated that invA mRNA can be used as a 
selectable biomarker for active Salmonella, with a detection 
limit of 104 CFU 25 g–1 Salmonella from enriched inocu-
lated peppers by SYBR Green I-based RT-qPCR, which was 
consistent with a previous study [72, 73]. Also, VBNC Sal-
monella cells have been evidenced in manured soil using 
RT-PCR targeting invA mRNA [74]. In addition, antisense 
oligomers targeting ftsZ mRNA in combination with selec-
tive growth conditions could provide a detection strategy for 
viable Salmonella and a potential tool for bacterial detection 
in food and environmental samples [75].

Miao et  al. evaluated RT-qPCR targeting tmRNA to 
detect live Salmonella spp. rapidly [76]. The results showed 
that the method could detect Salmonella spp. in fresh-cut 
vegetables with a sensitivity of 1 CFU mL–1, regardless of 
6 h of enrichment. In addition, combining RT-PCR targeting 
mRNA with electronic DNA microarrays allowed specific 
and sensitive detection of the survival of target Salmonella 
[77].

Cook believed that mRNA might be more advantageous 
than 16S rRNA for the specific detection of live cells [78]. 
However, the fallibility of mRNA as a suitable target for 
detecting live cells also makes the assay more challenging. 
Improper sample handling and storage or contamination of 
samples with RNA-degrading enzymes can lead to degrada-
tion. The expression levels of many mRNA species depend 
heavily on the cell’s physiological state, which is often an 
unknown factor, complicating the quantification of the num-
ber of living cells. It is likely that when slow-growing or 
dormant cells are present in a sample, the RNA content of 
such cells is below the detection limit of RNA-PCR, while 
the cells remain largely viable or active [79]. In addition, it 
is essential to note that despite the static nature of mRNA, 
residual transcripts can show false positive signals in the 
presence of large numbers of dead bacteria [64]. For several 
reasons mentioned above, the application of detecting bacte-
rial foodborne pathogens appears to be less common and is 
currently used mainly for inactivation studies or challenge 

tests [80, 81]. This may be because the method is too labo-
rious or due to the rapid degradation of RNA in the test 
sample, which may also lead to false-negative results [82].

Other RNA targets

In 2004, Morin et al. designed primers based on rfbE, fliC, 
and tyv RNAs to establish a multiplex PCR (mPCR) that 
could simultaneously distinguish between the viable E. coli 
O157:H7, Vibrio cholera O1, and Salmonella Typhi [83]. 
The method could detect and identify as few as 30 cells of 
E. coli O157:H7 and Salmonella Typhi in clinical isolates. 
In addition, the RT-qPCR method established by Techathu-
vanan et al. targeting invA RNA could detect 1 CFU 25 mL–1 
of viable Salmonella Enteritidis in egg samples within 16 h 
(Table 1) [84].

As transcription is one of the initial cellular responses to 
stimuli, using RNA as a molecular target for live bacteria is 
of biological significance. Furthermore, the average half-
life of RNA is shorter than that of DNA, so RNA collected 
from environmental samples is most likely to represent liv-
ing microorganisms. Since the average half-life of mRNA 
in active cells is a few minutes, the half-life of free mol-
ecules in the environment is even less. Methods focusing on 
mRNA allow specific microbial metabolic responses to be 
tracked quickly. Compared to mRNA, rRNA has a half-life 
of several days and is more abundant in cells. In addition, 
rRNA may allow for more accurate population taxonomic 
identification. Thus, rRNA methods may be more successful 
than mRNA methods, especially for low-biomass samples. 
However, there is no absolute correlation between rRNA 
concentration and cell activity or growth rate, and the rela-
tionship between rRNA and cell status may vary within or 
between populations. Furthermore, RNA is challenging to 
handle. For low biomass studies, it is particularly important 
to take into account sample loss under extreme conditions.

Methods for targeting DNAs

Methods based on the application of ethidium 
monoazide bromide

Ethidium monoazide bromide (EMA) is a DNA-intercalating 
dye that selectively penetrates the damaged cell membrane 
of dead bacteria and covalently links to DNA through pho-
toactivation. In 2003, Nogva et al. proposed a novel method 
for detecting living cells by applying EMA to viable PCR 
(v-PCR) [86]. Microbial samples are treated with a nucleic 
acid intercalation dye that selectively enters cells with dam-
aged cell membranes, while intact cell membranes pose a 
barrier to the molecule. Once inside the dead cell, the dye 
intercalates into the cell’s DNA. Due to the presence of an 
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azide group, photolysis converts it into a highly reactive 
nitrite radical after exposure to strong visible light, which 
can react with organic molecules in its vicinity [87]. Con-
sidering the spatial proximity of the intercalating dye, it 
can be assumed that a reaction with DNA is likely to occur. 
Studies have shown that such modifications strongly inhibit 
DNA amplification [88, 89]. While cross-linking with DNA 
occurs, any unbound excess dye reacts with water molecules. 
The resulting hydroxylamine is no longer active, prevent-
ing the dye from reacting with DNA extracted from intact 
cells [55]. Soejima et al. reported that treatment with EMA 
followed by visible light irradiation would result in direct 
cleavage of chromosomal DNA from dead bacteria [90]. 
This hypothesis was well supported by the fact that elec-
tron microscope images showed varying degrees of DNA 
fragmentation upon exposure to increasing concentrations 
of EMA. For obvious reasons, fragmentation interferes with 
amplification. Typically, the EMA-PCR reduces the detec-
tion of dead bacteria by up to 3.5 logs compared to meth-
ods that do not use EMA; however, if dead Gram-negative 
bacteria (e.g., total coliforms) are present in large numbers 
in the sample, this difference may still insufficient to inhibit 
the amplification of their DNA. As a result, errors in results 
may occur.

The EMA-PCR method established by Wang et  al. 
allowed the detection of 10 CFU mL–1 of viable Salmonella 
in poultry products after enrichment [91]. For rapid detec-
tion of active Salmonella, Lu et al. developed an EMA-
LAMP method by targeting the invA gene [92]. The results 
showed that the method had high specificity and could detect 
as little as 100 fg of DNA.

It has been suggested that EMA may penetrate bacterial 
cells with intact membranes, leading to an underestimation 
of the number of viable cells. The extent of EMA uptake 
by intact cells has been reported to depend on the bacterial 
species and the density of the bacterial suspension. The dye 
may be considered insufficient to distinguish between live 
and dead cells for species whose intact cell membranes are 
not sufficiently resistant to EMA.

Methods based on the application of propidium 
monoazide

A promising strategy for assessing microbial viability 
relies on using membrane-impermeable DNA intercala-
tion dyes as a sample pre-treatment prior to performing 
molecular techniques, also known as v-PCR. This method 
was first described by Nogva et al. in 2003 and refined by 

Table 1   Viable Salmonella detection methods for targeting RNAs

a MPN indicates the most probable number

Microorganisms Methods Target genes Detection limits Samples References

Salmonella enterica CRISPR/
Cas13-based 
NASBA

16S rRNA  ~ 1 CFU or 1% viable Salmo-
nella

Cecum, colon, and rectum [59]

Salmonella spp. FISH 23S rRNA 1 × 105 ~ 1 × 106 CFU mL–1 Artificially contaminated water 
and milk

[61]

Salmonella Enteritidis Directing qPCR 16S and 23S rRNAs 2.5 log CFU per PCR Milk [63]
Salmonella enterica NASBA dnaK mRNA – – [68]
Salmonella enterica RT-qPCR sigDE mRNA 100 CFU mL–1 Egg broth and milk [69]
Salmonella spp. NASBA xcd mRNA 9.5 × 103 CFU mL–1 Pork background microbiota [70]

10 CFU 25 g–1 (mL) Pork, beef, and milk
Salmonella spp. RT-qPCR invA mRNA 40 copies per reaction Spinach, tomatoes, peppers, and 

peppers
[71]

Salmonella enterica RT-qPCR invA mRNA 104 CFU 25 g–1 (~ 102 CFU g–1) Jalapeño and serrano peppers [72]
Salmonella spp. RT-qPCR invA mRNA 102 ~ 103 CFU mL–1 Fresh produce [73]
Salmonella enterica RT-qPCR tmRNA 1 CFU mL–1 Bacteria culture [76]

10 CFU g–1 Fresh-cut vegetables (6-h 
enrichment)

Salmonella typhi RT-PCR 
combined 
with DNA 
microarray

tyv mRNA – – [85]

Salmonella spp. RT-qPCR invA mRNA 102 MPNa per reaction Sludge [77]
Salmonella Typhi mPCR tyv RNAs 30 cells Contaminated water [83]
Salmonella Enteritidis RT-qPCR invA RNA 107 CFU 25 mL–1 Liquid whole eggs [84]

100 CFU 25 mL–1 Eggs after 16-h enrichment
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Nocker et al. in 2006 to establish a v-PCR method using 
propidium monoazide (PMA) instead of EMA [86, 88, 93]. 
PMA has a similar mechanism of action to EMA and is 
considered to be a more suitable alternative to EMA with 
a much higher specificity for viable cells (Fig. 4). The 
increased specificity of PMA for living cells is thought 
to be mainly due to the higher charge of PMA (EMA has 
one positive direction compared to PMA’s two). There-
fore, according to the reports available, PMA has been 
used more than EMA in detecting viable Salmonella spp. 
(Table 2). 

Using the property that PMA treatment effectively 
prevents PCR amplification of heat-dead Salmonella 
cells in ice cream, Wang et al. established a PMA-qPCR 
assay that selectively detects viable Salmonella down to 
103 CFU mL–1. [94] After 18 h of pre-enrichment, this assay 
allowed the detection of 100 CFU mL–1 of viable Salmonella 
and avoided false positive results for dead cells. Li et al. used 
PMA-PCR targeting invA to detect 30 CFU g–1 of viable 
Salmonella cells from enriched spiked spinach samples as 
early as 4 h [95].

Liang et al. applied PMA to establish a multiplex real-
time quantitative PCR (mRT-qPCR) for the simultaneous 
detection of viable Salmonella, Escherichia coli, and Staphy-
lococcus aureus [96]. The recoveries ranged from 95.7% to 
105.6%. For the rapid detection of Salmonella Typhimurium, 
Escherichia coli O157:H7, and Listeria monocytogenes 
in vivo, Yang et al. developed a novel assay based on immu-
nomagnetic separation (IMS) [97]. The IMS-PMA-mPCR 

assay was able to detect S. Typhimurium at a detection limit 
of 1.2 × 102 CFU mL–1.

Salmonella is a common pathogen in raw milk. Tradi-
tional isothermal amplification methods cannot distinguish 
between surviving and dead bacteria, which may lead to 
false positive results or overestimating the number of surviv-
ing bacteria. Youn et al. reported an isothermal amplifica-
tion method targeting invA combined with a simple sodium 
monoazide treatment (PMA-LAMP) for the simple and rapid 
detection and quantification of live Salmonella in rinse water 
[98]. The detection limit was tenfold lower than conventional 
PMA-PCR. Han et al. established PMA-LAMP targeting the 
agfA gene to detect live Salmonella enterica within 30 min 
and achieved sensitivity and quantification comparable to 
PMA-qPCR assays [99]. Based on a similar strategy, the 
PMA-LAMP method established by Chen et al. had a detec-
tion limit as low as 3.4 to 34 viable cells in pure culture 
[100]. Trieu et al. constructed an origami microdevice based 
on the PMA application that integrates DNA purification, 
LAMP, and colorimetric detection to detect active Salmo-
nella immediately [101]. In addition, Chen et al. developed a 
real-time and visual method for detecting viable Salmonella 
in milk using competitive annealing mediated isothermal 
amplification (CAMP) in combination with PMA. Positive 
results could be directly observed by a colorimetric change 
from purple to sky blue. Real-time PMA-CAMP was used to 
quantitatively detect viable Salmonella in spiked milk sam-
ples with a detection limit of 102 CFU mL–1 and a recov-
ery of 80–106%. Also based on an isothermal amplification 

No products

Products

DNA intercalation 
with EMA/PMA

EMA/PMA does not
enter the intact cell
membrane

EMA/PMA

EMA/PMA

Reaction system

Reaction system

Dead cell

Live cell

Amplification

Amplification

Photoactivation
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Fig. 4   Mechanism of the action of EMA/PMA [15]. The dye enters compromised or dead cells to covalently bind to DNA and prevents DNA 
amplification in the reaction system
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strategy, Ou et al. developed a propidium monoazide-cross-
ing priming amplification (PMA-CPA) method targeting the 
invA gene for the specific detection of VBNC Salmonella in 
food samples [102].

For rapid and sensitive detection of surviving Salmonella 
Typhimurium in milk, Shi et al. used IMS to isolate target 
bacteria and combined treatment with SDS and PMA before 
amplification, which effectively eliminated false positive 
results from dead bacteria and identified surviving target 
bacteria with good sensitivity and specificity [103].

Despite the advantages of viable PCR, there is evidence 
that v-PCR using DNA interpolation dyes has practical and 
theoretical limitations, especially when applied to environ-
mental samples [107–109]. A comparative study by Nocker 
et al. provided early evidence of differences in the speci-
ficity of the two dyes [93]. It was shown that EMA could 
enter and successfully stain living bacterial cells such as 
E. coli O157:H7, Listeria monocytogenes, and Staphylo-
coccus aureus, while PMA showed better specificity. Lee 
et al. found that EMA penetrated heat-exposed cells more 
effectively than PMA, resulting in a more effective inhibi-
tion of DNA amplification in heat-damaged cells by EMA 
[54]. Additionally, PMA was found to be ineffective in dif-
ferentiating low numbers of live cells from dead heat cells 
in the gut [110].

The primary strategy for reducing the uptake of EMA by 
living cells is to reduce the concentration of the dye, result-
ing in fewer dye molecules entering the living cells. This 

approach is made possible by the ability of EMA to effec-
tively penetrate dead cells even at relatively low dye concen-
trations. Most current studies mainly used 10 μg mL–1 as the 
preferred concentration of EMA, while higher concentra-
tions lead to penetration of live cells [111–113]. In addi-
tion, it has also been suggested that the minimum amount 
of EMA required to inhibit dead cell signaling effectively is 
2.5 μg mL–1 [114], 2.3 μg mL–1 [115], 1.5 μg mL–1 [116], 
and 1 μg mL–1 [54]. In addition to minimizing EMA con-
centrations, an increasing number of studies have reported 
incubating dye on ice or at a low temperature (4 °C) rather 
than at room temperature.

To improve the limitations of PMA in excluding dead 
cell signals, the main strategy is to amplify longer DNA 
sequences. It has been shown that quantitative PCR (qPCR) 
amplification of short DNA fragments (< 200 bp) after 
PMA treatment resulted in incomplete suppression of the 
signal from heat-treated Salmonella enterica. In contrast, 
PCR amplification of long DNA fragments (1.5–1.6 kb) 
completely suppressed the dead cell signal [117]. Other 
potential strategies may include treating the sample with 
a moderate membrane stabilizer, exposing the sample at 
higher a temperature, and considering applying higher dye 
concentrations. PMA improved structure PMAxx as an alter-
native to PMA is also a good option. One study showed 
that PMAxx-based qPCR is more sensitive in quantifying 
viability compared to culture methods and is suitable for 
quantifying the viable and non-viable load of Salmonella 

Table 2   EMA/PMA-based methods for the detection of viable Salmonella 

Dyes Techniques used Organisms detected Detection limits Samples References

EMA qPCR Salmonella 10 CFU mL–1 Chicken rinses and egg broth [91]
LAMP Salmonella 100 fg of DNA – [92]

PMA qPCR Salmonella 100 CFU mL–1 Ice cream [94]
Multiplex PCR Salmonella Enteritidis 7.4 × 102 CFU mL–1 Pure culture [104]

7 CFU mL–1 Spiked pure milk (7-h enrichment)
qPCR Salmonella spp. 30 CFU g–1 Spinach samples [95]
M-qPCR Salmonella spp. 102 CFU mL–1 Bird’s nest, donkey-hide gelatin, and 

wolfberry
[96]

IMS-mPCR Salmonella Typhimurium 1.2 × 102 CFU mL–1 Pure culture [97]
5.1 × 103 CFU g–1 Spiking lettuce, tomato, and ground 

beef
SDS-PMA-mRT-PCR Salmonella Typhimurium 10 CFU mL–1 Spiked milk [103]
LAMP Salmonella 8.0 × 101 CFU per reaction Pure culture and chicken carcasses [98]
LAMP Salmonella enterica 4.6 CFU per reaction Pure culture [99]

1.05 × 104 or 1.05 × 105 CFU g–1 Spiked tomato, lettuce, and spinach
LAMP Salmonella 3.4–34 cells Pure culture [100]

6.1 × 104 CFU g–1 Spiked produce samples
LAMP Salmonella spp. 14 CFU mL–1 Chicken meat supernatants [105]
CAMP Salmonella 102 CFU mL–1 Spiked milk samples [106]
CPA VBNC Salmonella 103 CFU mL–1 Rice food products [102]
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from poultry environment [118]. In addition, the use of 
enrichment methods before PMA-PCR analysis was also 
beneficial to improve the accuracy of viable bacteria detec-
tion [94, 119].

Other optional DNA‑based assays

Yin et al. have developed a method for rapidly detecting 
total live bacterial cells in a wide range of species using a 
newly developed handheld fluorometer and the fluorescent 
dye Calcein UltraGreen™ AM [120]. The portable rapid 
detection fluorometer has a wide dynamic range of relative 
fluorescence intensities, detecting 105 to 1010 cells mL–1, 
and does not require pre-culture. The results of the method 
were compared with those of the plate count method with a 
relative standard deviation of less than 6%, demonstrating its 
suitability for accurate and rapid detection of viable bacterial 
cell counts in a wide range of samples.

In addition, capturing viable Salmonella cells using anti-
Salmonella antibody-modified magnetic beads allows the 
removal of the yolk component that inhibits PCR. The col-
lected live Salmonella cells could be rapidly detected by 
PCR targeting the invA gene on a microfluidic chip device. 
The method could detect at least 5 × 104 cells mL–1 within 
6 h [121].

PagC is a component of membrane vesicles and acts by 
inhibiting the proliferation of Salmonella in macrophages 
[122]. Xu et al. found that the pagC gene is overexpressed in 
H2O2-induced Salmonella in the VBNC state and is expected 
to be used as a new biomarker for the detection of VBNC 
Salmonella [123].

Zhai et al. developed a molecular beacon method based 
on a duplex real-time nucleic acid sequence-based amplifi-
cation (real-time NASBA) assay to simultaneously detect 
viable Salmonella spp. and S. Paratyphi C cells in retail food 
by targeting the SPC_0908 and xcd genes [124].

Zhang et al. achieved a sensitive detection of viable S. 
Enteritidis down to 60 CFU mL–1 with a linear range of 
102 to 107 CFU mL–1 by coupling a cascaded two-stage tar-
get sequence-recyclable toehold strand displacement with 
aptamer-based target recognition [125].

For detecting viable S. Typhimurium directly, Zhang 
et al. designed an intelligent sensor system using scaffold 
silver nanoclusters (AgNCs) generated from a triple trigger 
sequence-regenerated strand displacement amplification and 
a self-protecting hairpin template [126]. In the presence of 
viable S. Typhimurium, replication of the trigger sequence 
and sequential production of the scaffold in cascade was 
achieved, forming highly fluorescent AgNCs that provided 
a significantly enhanced fluorescence signal, enabling 
ultra-sensitive detection of live S. Typhimurium down to 
50 CFU mL–1 with a linear range of 102–107 CFU mL–1. To 
further simplify the steps and increase the efficiency of the 

assay, ultra-sensitive detection of live Salmonella down to 
25 CFU mL–1 with a linear range of 50 to 104 CFU mL–1 
was achieved based on the previous study and self-protection 
mediated by CuNPs hairpin scaffolds [127].

In addition, Labib et al. developed a highly selective 
aptamer-based bacterial viability impedance sensor that 
can successfully detect viable S. Typhimurium down to 
600 CFU mL–1 [128]. Chen et al. used dual aptamers to 
capture S. Typhimurium and PCR products individually 
[129]. The stable structure formed between the amplicons 
and AuNPs-probe prevented self-aggregation and discol-
oration of AuNPs in solution. The method enabled visual 
detection and had a low detection limit of 33 CFU mL–1 for 
S. Typhimurium.

Quintela et al. achieved simultaneous colorimetric detec-
tion of 19 Salmonella species using an optical biosensing 
platform with oligonucleotide-functionalized AuNPs [130]. 
The method was 100% specific and had a detection limit of 
less than 10 CFU mL–1 for the target bacteria in both pure 
cultures and complex matrices.

Phage‑based strategies

The high specificity and natural affinity of phages for their 
host bacteria make phage-based methods attractive. Pages 
can only replicate within living bacterial cells, so phage-
based methods can be optional for detecting live bacteria 
[131]. Phage-based assays primarily employ phagocytic 
phages as lytic agents to detect new progeny phages or 
intracellular material released from target bacterial cells 
to indicate cell viability. One of the simplest phage-based 
tests is known as the phage amplification assay [132]. The 
technique is based on the phage-phagocytosis cycle, with 
bacterial spot formation as the endpoint of detection. Due to 
the simplicity and rapidity of the method, it is currently used 
to detect foodborne pathogens such as Salmonella Typh-
imurium, Staphylococcus aureus, and Salmonella Enteritidis 
[132–135]. Also, phage-based detection can be improved by 
combining the cellular part of the plaque assay with other 
methods, such as immunological or molecular techniques 
to detect progeny phage or phage DNA (Fig. 5) [136–139].

A phage amplification-based analysis (PAA) method 
based on the isolated Salmonella phage T156 was success-
fully applied to quantify viable Salmonella in food matrices 
such as milk by Huang et al. The method had a detection 
limit of 1 CFU mL–1 and could detect only live bacteria 
[140]. When combined with qPCR, PAA-qPCR further 
reduces the detection time from 6.5 h to 3.5 h with a detec-
tion limit of 10 CFU mL–1. In addition, the initial bacterial 
concentration can also be deduced by monitoring the number 
of compounds released after phage lysis by bioluminescence 
using enzymes and substrates. In recent years, genetically 
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engineered lysogenic phages containing luciferin, proteases, 
and alkaline phosphatases have been reported [141–143]. 
As the released cell contents are highly conductive, changes 
in conductivity in the environment can be used as a signal 
for the presence of live bacteria in the sample. Conductiv-
ity changes caused by lysed bacteria can be detected using 
impedance spectroscopy in combination with a microchip. 
Some of these phage-based assays have proven helpful in 
detecting live bacteria in broth cultures, drinking water, etc. 
[144, 145].

The bioluminescent reporter phage is designed and con-
structed by transducing a luciferase gene in the genome. 
Relying on the host specificity of the phage, the system ena-
bles rapid, sensitive, and specific detection of live bacteria 
[146]. Chen and Griffiths used three phages to detect Salmo-
nella at 10 CFU mL–1 from the pre-enriched broth for 6 h and 
directly from contaminated whole eggs within 24 h [147]. 
Thouand et al. reported a P22::luxAB assay for the detection 
of Salmonella in poultry samples with a detection limit up to 
102 ~ 104 CFU mL–1 [148]. Using phages to express Nano-
Luc, Nguyen et al. developed a method for the detection 
of Salmonella using luciferase reporter phages [149]. The 
method had a detection limit of 10 ~ 100 CFU mL–1 without 
enrichment. Kim et al. developed a bioluminescent reporter 
phage SPC32H-CDABE by inserting the bacterial luxCD-
ABE operon into the Salmonella temperate phage SPC32H 
genome [150]. LuxCDABE operon provided both lucif-
erase and its substrate, eliminating the need for a substrate 

addition step. At least 20 CFU mL–1 of S. Typhimurium 
could be detected within 2 h using SPC32H-CDABE.

The detection limits of bioluminescent reporter phages 
can be increased significantly if immunomagnetic separation 
techniques are used in the pre-enrichment of target bacteria. 
It is particularly suitable for the rapid and efficient enrich-
ment of pathogens using the cell wall-binding domain of 
phage endolysin coated on paramagnetic beads [151, 152]. 
Pre-enrichment of target bacteria by magnetic separation 
followed by detection with bioluminescent reporter phages 
reduced the detection limit by several orders of magnitude 
and allowed for the hypersensitive diagnosis of live bacteria 
only [153]. Using an immunomagnetic separation method, 
Favrin et al. was able to detect Salmonella enterica as low 
as 3 CFU 25 g–1 of food [154].

Zhao et  al. developed a phage-based bio-orthogonal 
reaction-amplified microparticle counting sensing method 
to detect viable Salmonella in different food products rap-
idly [155]. By introducing a bio-orthogonal reaction to fur-
ther amplify the signal, the presence of Salmonella could 
specifically induce quantitative changes in functionalized 
polystyrene microspheres, which could be monitored by a 
microporous resistance particle counter. This sensor had a 
detection limit of 33.58 CFU mL–1 and a linear range of 102 
to 106 CFU mL–1.

Despite the apparent advantages of phage-based assays, 
such methods have yet to be widely used. A major reason is 
the need for sufficiently specific but broad host-range phages. 

Fig. 5   Phage-based bacterial 
detection methods [131]. When 
phages infect a target bacterium 
and cause it to lyse, daughter 
phages or cell contents can be 
detected. Alternatively, phages 
can be used to mark hosts with 
fluorescent, colorimetric, or 
optical markers after the intro-
duction of exogenous genes into 
bacteria. In addition, phages 
can also be used to construct 
biosensors, and phages attached 
to micro-nanoparticles can be 
used as capture elements in dif-
ferent assays
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If not, they need to be isolated from the environment, which 
would be time-consuming and uncertain. In particular, it is 
difficult to find a specific phage in closely related organisms 
such as Salmonella, Shigella, and E. coli. Appropriate pas-
saging manipulation of the selected phage without affecting 
its life cycle and ability to infect the host may be another 
challenge. As new DNA sequencing technologies make the 
genome sequences of phages and bacterial hosts increasingly 
available, phage-based approaches will be further developed, 
especially when targeting difficult-to-detect bacterial spe-
cies. In addition, combining efficient enrichment and immo-
bilization techniques with bioluminescent phage detection 
provides microbiologists with powerful diagnostic tools for 
specifically detecting bacterial pathogens.

Biosensor‑based strategies

A biosensor is a device that converts a signal from biol-
ogy into an electrochemical, optical, or another physical 
signal. It has the advantages of high detection sensitivity, 
fast response time, automation, and miniaturization (Fig. 6) 
[156]. These promising features make biosensors ideally 
suited for immediately detecting pathogens in the field. In 
addition, by combining biosensors with molecular biology 
techniques, target sequences in the genome of pathogenic 
microorganisms can be precisely identified to enhance target 
detection performance and range effectively.

In the context of viable bacteria detection, biosensors can 
bind microorganisms to specific biological recognition mol-
ecules (e.g., antibodies, DNA probes, etc.) to produce a rec-
ognition signal that can be converted into an electrical signal 
for detection [157]. A fluorine-doped tin oxide (FTO) elec-
trode based on reduced graphene oxide (rGO) was fabricated 

by Mahari et al. [158]. Then rGO was labeled by S. Galli-
narum and S. Pullorum-Ab via carbodiimide activation. The 
immunosensor exhibited a linear detection range (1–1 × 105 
cells) with detection limits of 37 and 25 for viable S. Gal-
linarum and S. Pullorum, respectively, and could be used for 
rapid detection of salmonellosis in meat and fecal samples. 
The laser-induced graphene (LIG) biosensor constructed by 
Soares et al. using an antibody-functionalized LIG electrode 
enabled the detection of viable Salmonella in 22 min with-
out pre-culture [159]. The results showed that the sensor 
could detect live Salmonella in chicken broth over a wide 
linear range (25–105 CFU mL–1) with a low detection limit 
(13 ± 7 CFU mL–1) and showed high selectivity. Liu et al. 
proposed an impedance-based microfluidic biosensor with 
two sensing zones consisting of an interdigitated electrode 
array of 50 finger pairs each [160]. The sensor could detect 
Salmonella serotypes B and D within 1 h with a detection 
limit as low as 300 cells mL–1. In addition, the sensor could 
differentiate between low concentrations of live Salmonella 
cells and high concentrations of dead Salmonella cells.

Biosensors represent an attractive method for the rapid 
detection of bacteria. Angelopoulou et al. presented an opti-
cal biosensor based on white light reflectance spectroscopy 
for the detection of Salmonella Typhimurium in drinking 
water [161]. A mixture of pre-incubated bacteriolytic and 
anti-Salmonella lipopolysaccharide antibodies was pumped 
onto a chip, and the signal was then enhanced with bioti-
nylated secondary antibodies and streptavidin. A minimum 
of 320 CFU mL–1 of viable Salmonella could be detected 
within 15 min using this sensor.

Target-induced aptamer displacement on AuNPs depos-
ited electrode with rolling circle amplification (RCA) facil-
itated the reproducibility of sensor detection and reduced 
matrix effects. Ge et al. hybridized RCA products from 

Fig. 6   Schematic diagram of the 
principle of biosensors based on 
different transduction methods 
[156]
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Salmonella Typhimurium with biotinylated probes and used 
an enzymatically amplified electrochemical sensor for inter-
pretation [162]. The electrochemical sensor had a detection 
limit as low as 16 CFU mL–1 and a linear detection range of 
20 to 2 × 108 CFU mL–1.

Other testing methods available

To eliminate the enrichment step of overnight incubation and 
detect trace amounts of pathogens within one day, Murakami 
et al. developed a filter-based pathogen enrichment method 
using a unique combination of glass fiber depth filters and 
porous filter aid materials, which could specifically detect 
1 CFU mL–1 of viable Salmonella enterica in food [163].

Desmonts et al. demonstrated that the indirect fluorescent 
antibody (IFA) technique could detect VBNC Salmonella in 
environmental water systems and had advantages over cul-
ture methods [164]. The detection limit of the IFA method 
was as low as 7.5 × 103 cells mL–1 of wastewater.

Using the protective effect of egg white proteins and pep-
tones, proteolytic enzymes do not attack living cells when 
hydrolyzing the egg white proteins responsible for fouling. 
Based on this, Ku et al. report a method for concentrating 
bacteria by microfiltration that detects less than 13 CFU of 
Salmonella per 25 g of egg white [165]. A combination of 
enzyme treatment, controlled cross-flow on both sides of the 
hollow fibers, and medium selection was vital in preventing 
membrane fouling, resulting in rapid concentration and sub-
sequent detection of low numbers of microbial cells.

D’Urso et al. used an identification buffer (including 4 M 
guanidine thiocyanate, 2 M NaCl, and 25 mM Tris–HCl) 
mixed with the sample to be tested and then incubated to 
ensure that all dead cells passed through the filter [166]. By 
resuspending the filter, viable Salmonella can be detected 
and combined with qPCR for rapid detection with reason-
able accuracy. Similarly, Vibbert et al. used 0.2 μm cutoff 
polysulfone and polyethersulfone hollow fiber membranes 
to recover and detect 1–10 CFU mL–1 of viable Salmonella 
from 400 mL of chicken rinse [167].

Based on an optimized Nanopore sample extraction and 
library preparation protocol, Yang et al. developed a novel 
strategy for real-time multiplex identification of viable 
pathogens in food by direct metatranscriptomic RNA-seq 
and multiplex RT-PCR amplicon sequencing on the Nano-
pore MinION [168]. This assay was validated by Salmo-
nella Enteritidis et al. and demonstrated high sensitivity and 
accuracy.

To dispense with the use of chemically labeled RNA 
substrates, Zhang et al. used a luminescent RNA inducer, 
Broccoli, as a subunit of activated CRISPR-Cas13a to detect 
pathogenic RNA [169]. CRISPR-Cas13a allowed precise 

differentiation between live and dead bacteria, with a detec-
tion limit down to 10 CFU of live pathogenic bacteria.

Phenotypes of bacteria, such as drug resistance and 
viability, are difficult to obtain quickly. An allele-specific 
isothermal RNA amplification (AlleRNA) method, based 
on NASBA and combined with an amplification refractory 
mutation system, was established by Liao et al. [170]. This 
method had a detection limit of 80 CFU for live quinolone-
resistant Salmonella enterica.

Fourier transform infrared (FT-IR) spectroscopy allows 
rapid detection, quantification, and classification of micro-
organisms, spoilage, and pathogenic bacteria with little or 
no sample pre-treatment. This technique can be used for 
strain-level identification and to distinguish between live, 
sub-lethally damaged and dead bacterial cells [171]. Davis 
et al. combined FT-IR analysis with IMS to rapidly detect 
and differentiate Salmonella enterica isolated from chicken 
meat [172]. The detection limit of the developed IMS-FT-
IR method was 104 CFU g–1. The method also detected live 
cells in the presence of dead cells with results comparable to 
those obtained with the LIVE/DEAD BacLight™ Bacterial 
Viability Kit.

Laser-induced breakdown spectroscopy (LIBS) is an ideal 
candidate for rapidly detecting biological contaminants on 
food and food processing surfaces due to the low sample size 
and immediate results. Multiple regression analysis based 
on LIBS data by Multari et al. could accurately distinguish 
between E. coli O157:H7 and Salmonella enterica and their 
metabolic status (viable or heat-killed) [173].

Conclusions

Much of applied microbiology research and quality control 
is related to whether cells are alive or dead. There is a con-
stant search for faster and more sensitive methods to detect 
viable bacteria. Culture-based methods are laborious and 
time-consuming, and relatively limited in their ability to 
detect bacteria in the VBNC state if they are present in the 
sample. Molecular assays, particularly RNA-based tests, 
are a potential solution for rapidly detecting viable bac-
teria. However, the perishable nature of RNA remains an 
obstacle to the large-scale application of viable Salmonella 
detection. The principle of live-dead distinction in v-PCR 
is based on the integrity of the membrane. Although this 
conservative indicator of viability is commonly used, it 
has limitations. The diagnostic method is not applicable to 
cells subjected to sterilization or disinfection treatments. 
In contrast, loss of redox and esterase activity tends to cor-
relate better with loss of culturability. Phage-based meth-
ods show high sensitivity for detecting viable bacteria in 
different matrices. Various emerging methods developed 
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in recent years provide new tools to support the rapid and 
accurate detection of viable Salmonella and have signifi-
cant scope for development.

The VBNC state is a survival strategy adopted by 
bacteria to cope with adverse environmental conditions. 
Bacteria in the VBNC state lose their ability to culture 
on microbial media, but retain their cellular integrity and 
viability in terms of respiration, enzyme activity and gene 
expression. With the continuous research on bacteria in 
VBNC status, there are more and more methods used for 
VBNC bacteria detection, such as fluorescence microscopy 
detection techniques (including live bacteria direct count-
ing method, LIVE/DEAD BacLight™ Bacterial Viability 
Kit), flow cytometry, nucleic acid-based detection meth-
ods, and immunological detection methods. However, in 
the actual testing work, there is still a lack of criteria and 
corresponding testing methods to fundamentally deter-
mine whether the bacteria have entered the VBNC state. In 
recent years, the use of molecular biology methods and the 
combination of technologies to detect bacteria in VBNC 
status has become a new trend, which can effectively avoid 
the shortcomings of single detection methods and improve 
the accuracy of detection. This will provide a more effec-
tive method and approach for studying VBNC Salmonella.

In the future, the methods described above will mature 
and provide us with more possibilities to detect viable Sal-
monella populations. Certainly, more rapid and sensitive 
methods for detecting viable Salmonella are also impera-
tive. In conclusion, research on strategies for detecting 
viable Salmonella is of great importance and relevance to 
the scientific prevention and control of potential risks to 
humans and animals.

Acknowledgements  We would like to thank the researchers studying 
viable Salmonella detection for their work and all the literature used in 
this review. We also acknowledge the support of the Natural Science 
Fund Project of Colleges in Jiangsu Province (No. 22KJB180001) and 
the Natural Science Fund Project of Jiangsu Vocational College of 
Agriculture and Forestry (No. 2022kj32), and the Teaching Innova-
tion Team of Animal Husbandry and Veterinary in Jiangsu Province 
for this work.

Author contributions  LLZ: conceptualization, methodology, formal 
analysis, investigation, writing—original draft, writing—review and 
editing. JSG: conceptualization, methodology, formal analysis, inves-
tigation, writing—review and editing. QPS: conceptualization, formal 
analysis, investigation, writing—review and editing. JBY: methodol-
ogy, formal analysis. CLS: methodology and validation. QXL: formal 
analysis. BZ: formal analysis and resources. YZ: conceptualization, 
methodology, formal analysis, writing—review and editing. MLZ: 
formal analysis, resources, writing–review and editing.

Data Availability Statement  Not applicable.

Declarations 

Conflict of interest  There are no conflicts of interest to declare.

References

	 1.	 S. Hoffmann, B. Devleesschauwer, W. Aspinall, R. Cooke, 
T. Corrigan, A. Havelaar, F. Angulo, H. Gibb, M. Kirk, R. 
Lake, N. Speybroeck, P. Torgerson, T. Hald, PLoS ONE 12, 
e0183641 (2017)

	 2.	 N.A. Feasey, G. Dougan, R.A. Kingsley, R.S. Heyderman, 
M.A. Gordon, Lancet 379, 2489–2499 (2012)

	 3.	 A. Andino, I. Hanning, ScientificWorldJournal 2015, 520179 
(2015)

	 4.	 A.M. Gut, T. Vasiljevic, T. Yeager, O.N. Donkor, Microbiology 
164, 1327–1344 (2018)

	 5.	 J.A. Crump, M. Sjölund-Karlsson, M.A. Gordon, C.M. Parry, 
Clin Microbiol Rev 28, 901–937 (2015)

	 6.	 M.D. Kirk, S.M. Pires, R.E. Black, M. Caipo, J.A. Crump, B. 
Devleesschauwer, D. Döpfer, A. Fazil, C.L. Fischer-Walker, T. 
Hald, A.J. Hall, K.H. Keddy, R.J. Lake, C.F. Lanata, P.R. Torg-
erson, A.H. Havelaar, F.J. Angulo, PLoS Med 12, e1001921 
(2015)

	 7.	 E. F. S. Authority and European Centre for Disease Prevention 
and Control, EFSA J 15, e04694 (2017)

	 8.	 R.G. Ferrari, D.K.A. Rosario, A. Cunha-Neto, S.B. Mano, 
E.E.S. Figueiredo, C.A. Conte-Junior, Appl Environ Microbiol 
85, e00591-e619 (2019)

	 9.	 E. Scallan, R.M. Hoekstra, F.J. Angulo, R.V. Tauxe, M.-A. 
Widdowson, S.L. Roy, J.L. Jones, P.M. Griffin, Emerg Infect 
Dis 17, 7–15 (2011)

	 10.	 V. Jayeola, J.M. Farber, S. Kathariou, Appl Environ Microbiol 
88, e0173321 (2022)

	 11.	 J. Deen, L. von Seidlein, F. Andersen, N. Elle, N.J. White, Y. 
Lubell, Lancet Infect Dis 12, 480–487 (2012)

	 12.	 E.A. Reddy, A.V. Shaw, J.A. Crump, Lancet Infect Dis 10, 
417–432 (2010)

	 13.	 H.S. Xu, N. Roberts, F.L. Singleton, R.W. Attwell, D.J. 
Grimes, R.R. Colwell, Microb Ecol 8, 313–323 (1982)

	 14.	 E. Dietersdorfer, A. Kirschner, B. Schrammel, A. Ohradanova-
Repic, H. Stockinger, R. Sommer, J. Walochnik, S. Cervero-
Aragó, Water Res 141, 428–438 (2018)

	 15.	 S.S. Kumar, A.R. Ghosh, Microbiology (Reading) 165, 593–
610 (2019)

	 16.	 Y. Li, T. Huang, C. Bai, J. Fu, L. Chen, Y. Liang, K. Wang, J. 
Liu, X. Gong, J. Liu, Front Microbiol 2020, 11 (1859)

	 17.	 A. Rygala, J. Berlowska, D. Kregiel, Processes 8, 739 (2020)
	 18.	 A.C.G. Foddai, I.R. Grant, Appl Microbiol Biotechnol 104, 

4281–4288 (2020)
	 19.	 P.K. Mandal, A.K. Biswas, K. Choi, U.K. Pal, Am J Food Tech-

nol 6, 87–102 (2011)
	 20.	 J.B. Emerson, R.I. Adams, C.M.B. Román, B. Brooks, D.A. 

Coil, K. Dahlhausen, H.H. Ganz, E.M. Hartmann, T. Hsu, N.B. 
Justice, I.G. Paulino-Lima, J.C. Luongo, D.S. Lymperopou-
lou, C. Gomez-Silvan, B. Rothschild-Mancinelli, M. Balk, C. 
Huttenhower, A. Nocker, P. Vaishampayan, L.J. Rothschild, 
Microbiome 5, 86 (2017)

	 21.	 P. Stiefel, S. Schmidt-Emrich, K. Maniura-Weber, Q. Ren, 
BMC Microbiol 15, 36 (2015)

	 22.	 I.S. Arvizu, S.R. Murray, STAR Protoc 2, 100738 (2021)
	 23.	 F. Scheutz, E.M. Nielsen, J. Frimodt-Møller, N. Boisen, S. 

Morabito, R. Tozzoli, J.P. Nataro, A. Caprioli, Euro Surveill 
16, 19889 (2011)

	 24.	 G. Duffy, B. Kilbride, J.J. Sheridan, I.S. Blair, D.A. McDowell, 
J Appl Microbiol 89, 587–594 (2000)

	 25.	 G.N. Caron, P. Stephens, R.A. Badley, J Appl Microbiol 84, 
988–998 (1998)

	 26.	 K. Kogure, U. Simidu, N. Taga, Can J Microbiol 25, 415–420 
(1979)



1658	 L. Zhuang et al.

1 3

	 27.	 A. Muela, C. Seco, E. Camafeita, I. Arana, M. Orruño, J.A. 
López, I. Barcina, FEMS Microbiol Ecol 64, 28–36 (2008)

	 28.	 K. Dong, H. Pan, D. Yang, L. Rao, L. Zhao, Y. Wang, X. Liao, 
Compr Rev Food Sci Food Saf 19, 149–183 (2020)

	 29.	 R. Gao, X. Liao, X. Zhao, D. Liu, T. Ding, Compr Rev Food Sci 
Food Saf 20, 2146–2175 (2021)

	 30.	 B. Wang, S. Liu, Z. Sui, J. Wang, Y. Wang, S. Gu, Foodborne 
Pathog Dis 17, 447–458 (2020)

	 31.	 M.M.T. Khan, B.H. Pyle, A.K. Camper, Appl Environ Microbiol 
76, 5088–5096 (2010)

	 32.	 C.J. Bunthof, K. Bloemen, P. Breeuwer, F.M. Rombouts, T. Abee, 
Appl Environ Microbiol 67, 2326–2335 (2001)

	 33.	 E. Karászi, K. Jakab, L. Homolya, G. Szakács, Z. Holló, B. 
Telek, A. Kiss, L. Rejtô, S. Nahajevszky, B. Sarkadi, J. Kap-
pelmayer, Br J Haematol 112, 308–314 (2001)

	 34.	 S. Kanade, G. Nataraj, M. Ubale, P. Mehta, Int J Mycobacteriol 
5, 294–298 (2016)

	 35.	 M. Roth-Konforti, O. Green, M. Hupfeld, L. Fieseler, N. Hein-
rich, J. Ihssen, R. Vorberg, L. Wick, U. Spitz, D. Shabat, Angew 
Chem Int Ed Engl 58, 10361–10367 (2019)

	 36.	 D.M. Hunter, D.V. Lim, J Food Prot 73, 739–746 (2010)
	 37.	 M. Pal, S. Lee, D. Kwon, J. Hwang, H. Lee, S. Hwang, S. Jeon, 

Anal Chim Acta 952, 81–87 (2017)
	 38.	 G.Y. Lomakina, Y.A. Modestova, N.N. Ugarova, Biochemistry 

(Mosc) 80, 701–713 (2015)
	 39.	 L. Yang, Y. Li, C.L. Griffis, M.G. Johnson, Biosens Bioelectron 

19, 1139–1147 (2004)
	 40.	 L. Yang, Y. Li, J Microbiol Methods 64, 9–16 (2006)
	 41.	 G. Papadakis, P. Murasova, A. Hamiot, K. Tsougeni, G. Kaprou, 

M. Eck, D. Rabus, Z. Bilkova, B. Dupuy, G. Jobst, A. Tserepi, 
E. Gogolides, E. Gizeli, Biosens Bioelectron 111, 52–58 (2018)

	 42.	 A.G. Mantzila, V. Maipa, M.I. Prodromidis, Anal Chem 80, 
1169–1175 (2008)

	 43.	 M. Bocková, J. Slabý, T. Špringer, J. Homola, Annu Rev Anal 
Chem (Palo Alto Calif) 12, 151–176 (2019)

	 44.	 A. Morlay, F. Piat, T. Mercey, Y. Roupioz, Lett Appl Microbiol 
62, 459–465 (2016)

	 45.	 A.B. Theberge, F. Courtois, Y. Schaerli, M. Fischlechner, C. 
Abell, F. Hollfelder, W.T.S. Huck, Angew Chem Int Ed Engl 49, 
5846–5868 (2010)

	 46.	 J.B. Harmon, H.K. Gray, C.C. Young, K.J. Schwab, PLoS ONE 
15, e0233239 (2020)

	 47.	 X. Feng, D. Zhou, B. Gan, G. Xie, H. Xu, Foods 11, 2375 (2022)
	 48.	 L. Yang, C. Ruan, Y. Li, Biosens Bioelectron 19, 495–502 (2003)
	 49.	 L. Xu, X. Bai, S. Tenguria, Y. Liu, R. Drolia, A.K. Bhunia, Front 

Microbiol 11, 575615 (2020)
	 50.	 C. Löfström, R. Knutsson, C.E. Axelsson, P. Rådström, Appl 

Environ Microbiol 70, 69–75 (2004)
	 51.	 S.A. Hice, K.D. Clark, J.L. Anderson, B.F. Brehm-Stecher, Anal 

Chem 91, 1113–1120 (2019)
	 52.	 H. Fujikawa, Y. Shimojima, K. Yano, Shokuhin Eiseigaku Zasshi 

47, 151–156 (2006)
	 53.	 H. Fujikawa, Y. Shimojima, Shokuhin Eiseigaku Zasshi 49, 

261–265 (2008)
	 54.	 J.-L. Lee, R.E. Levin, J Microbiol Methods 76, 93–96 (2009)
	 55.	 A. Nocker, A.K. Camper, FEMS Microbiol Lett 291, 137–142 

(2009)
	 56.	 S. Yamashoji, A. Asakawa, S. Kawasaki, S. Kawamoto, Anal 

Biochem 333, 303–308 (2004)
	 57.	 Y. Choi, S.-R. Hong, B.-Y. Jeon, H.-Y. Wang, G.-S. Lee, S.-N. 

Cho, T.S. Shim, H. Lee, Int J Tuberc Lung Dis 19(1102–1108), 
i–ii (2015)

	 58.	 G. Yu, D. Fadrosh, J.J. Goedert, J. Ravel, A.M. Goldstein, PLoS 
ONE 10, e0132253 (2015)

	 59.	 T. Xue, Y. Lu, H. Yang, X. Hu, K. Zhang, Y. Ren, C. Wu, X. Xia, 
R. Deng, Y. Wang, J Agric Food Chem 70, 1670–1678 (2022)

	 60.	 M. Chen, X. Lan, L. Zhu, P. Ru, W. Xu, H. Liu, Foods 11, 2675 
(2022)

	 61.	 O. Adebowale, L. Good, Biol Methods Protoc 5, bpaa024 (2020)
	 62.	 U.S.K. Rathnayaka, S.K. Rakshit, Trop Life Sci Res 21, 47–53 

(2010)
	 63.	 T. Soejima, J. Minami, K. Iwatsuki, J Dairy Sci 95, 3634–3642 

(2012)
	 64.	 G.E. Sheridan, C.I. Masters, J.A. Shallcross, B.M. MacKey, Appl 

Environ Microbiol 64, 1313–1318 (1998)
	 65.	 G. Bleve, L. Rizzotti, F. Dellaglio, S. Torriani, Appl Environ 

Microbiol 69, 4116–4122 (2003)
	 66.	 A.K. Bej, M.H. Mahbubani, R.M. Atlas, Appl Environ Microbiol 

57, 597–600 (1991)
	 67.	 T. Dunaev, S. Alanya, M. Duran, Water Sci Technol 58, 1823–

1828 (2008)
	 68.	 S.A. Simpkins, A.B. Chan, J. Hays, B. Pöpping, N. Cook, Lett 

Appl Microbiol 30, 75–79 (2000)
	 69.	 M. Zhou, J. Yang, X. Zhou, B. Liu, D. Liu, C. Yuan, Y. He, L. 

Pan, X. Shi, Foodborne Pathog Dis 11, 537–544 (2014)
	 70.	 L. Zhai, H. Liu, Q. Chen, Z. Lu, C. Zhang, F. Lv, X. Bie, Braz J 

Microbiol 50, 255–261 (2019)
	 71.	 N. González-Escalona, T.S. Hammack, M. Russell, A.P. Jacob-

son, A.J. De Jesús, E.W. Brown, K.A. Lampel, Appl Environ 
Microbiol 75, 3714–3720 (2009)

	 72.	 N.D. Miller, F.A. Draughon, D.H. D’Souza, Foodborne Pathog 
Dis 7, 367–373 (2010)

	 73.	 D.H. D’Souza, F.J. Critzer, D.A. Golden, Foodborne Pathog Dis 
6, 1097–1106 (2009)

	 74.	 R. García, J. Baelum, L. Fredslund, P. Santorum, C.S. Jacobsen, 
Appl Environ Microbiol 76, 5025–5031 (2010)

	 75.	 O.O. Adebowale, S. Goh, L. Good, Heliyon 6, e04110 (2020)
	 76.	 Y.J. Miao, G.T. Xiong, M.Y. Bai, Y. Ge, Z.F. Wu, Lett Appl 

Microbiol 66, 447–454 (2018)
	 77.	 B. Fu, Q. Jiang, H.-B. Liu, H. Liu, J Appl Microbiol 119, 1138–

1147 (2015)
	 78.	 N. Cook, J Microbiol Methods 53, 165–174 (2003)
	 79.	 F. Hammes, M. Berney, T. Egli, Adv Biochem Eng Biotechnol 

124, 123–150 (2011)
	 80.	 C. Techathuvanan, F.A. Draughon, D.H. D’Souza, J Food Sci 75, 

M165-172 (2010)
	 81.	 Y. Omori, K. Miake, H. Nakamura, E. Kage-Nakadai, Y. Nishi-

kawa, Int J Food Microbiol 257, 10–18 (2017)
	 82.	 L. Xiao, L. Zhang, H.H. Wang, J Food Prot 75, 512–517 (2012)
	 83.	 N.J. Morin, Z. Gong, X.-F. Li, Clin Chem 50, 2037–2044 (2004)
	 84.	 C. Techathuvanan, D.H. D’Souza, Foodborne Pathog Dis 8, 

527–534 (2011)
	 85.	 Y. Liu, Z. Gong, N. Morin, O. Pui, M. Cheung, H. Zhang, X.-F. 

Li, Anal Chim Acta 578, 75–81 (2006)
	 86.	 H.K. Nogva, S.M. Drømtorp, H. Nissen, K. Rudi, Biotechniques 

34, 804–808 (2003)
	 87.	 M.C. DeTraglia, J.S. Brand, A.M. Tometsko, J Biol Chem 253, 

1846–1852 (1978)
	 88.	 A. Nocker, A.K. Camper, Appl Environ Microbiol 72, 1997–2004 

(2006)
	 89.	 K. Rudi, B. Moen, S.M. Drømtorp, A.L. Holck, Appl Environ 

Microbiol 71, 1018–1024 (2005)
	 90.	 T. Soejima, K. Iida, T. Qin, H. Taniai, M. Seki, A. Takade, S. 

Yoshida, Microbiol Immunol 51, 763–775 (2007)
	 91.	 L. Wang, A. Mustapha, J Food Sci 75, M134-139 (2010)
	 92.	 Y. Lu, W. Yang, L. Shi, L. Li, P. Alam, M. Jahangir, S. Guo, S.-I. 

Miyoshi, J Health Sci 55, 820–824 (2009)
	 93.	 A. Nocker, C.-Y. Cheung, A.K. Camper, J Microbiol Methods 

67, 310–320 (2006)
	 94.	 Y. Wang, M. Yang, S. Liu, W. Chen, B. Suo, J Food Drug Anal 

23, 480–485 (2015)
	 95.	 B. Li, J.-Q. Chen, BMC Microbiol 13, 273 (2013)



1659Advances in detection methods for viable Salmonella spp.: current applications and challenges﻿	

1 3

	 96.	 T. Liang, H. Long, Z. Zhan, Y. Zhu, P. Kuang, N. Mo, Y. Wang, 
S. Cui, X. Wu, Food Sci Nutr 10, 3165–3174 (2022)

	 97.	 Y. Yang, F. Xu, H. Xu, Z.P. Aguilar, R. Niu, Y. Yuan, J. Sun, 
X. You, W. Lai, Y. Xiong, C. Wan, H. Wei, Food Microbiol 34, 
418–424 (2013)

	 98.	 S.Y. Youn, O.M. Jeong, B.K. Choi, S.C. Jung, M.S. Kang, 
Poult Sci 96, 458–464 (2017)

	 99.	 L. Han, K. Wang, L. Ma, P. Delaquis, S. Bach, J. Feng, X. Lu, 
Appl Environ Microbiol 86, e02566-e2619 (2020)

	100.	 S. Chen, F. Wang, J.C. Beaulieu, R.E. Stein, B. Ge, Appl Envi-
ron Microbiol 77, 4008–4016 (2011)

	101.	 P.T. Trieu, N.Y. Lee, Anal Chem 91, 11013–11022 (2019)
	102.	 A. Ou, K. Wang, Y. Ye, L. Chen, X. Gong, L. Qian, J. Liu, 

Front Microbiol 12, 634555 (2021)
	103.	 X. Shi, L. Yu, C. Lin, K. Li, J. Chen, H. Qin, J Dairy Sci 104, 

6588–6597 (2021)
	104.	 S. Yu, L. Yan, X. Wu, F. Li, D. Wang, H. Xu, J Dairy Sci 100, 

7874–7882 (2017)
	105.	 S. Wang, N. Liu, L. Zheng, G. Cai, J. Lin, Lab Chip 20, 2296–

2305 (2020)
	106.	 X. Chen, W. Li, Y. Ma, Anal Methods 14, 3773–3779 (2022)
	107.	 M. Varma, R. Field, M. Stinson, B. Rukovets, L. Wymer, R. 

Haugland, Water Res 43, 4790–4801 (2009)
	108.	 A.O. Wagner, C. Malin, G. Gstraunthaler, P. Illmer, Waste 

Manag 29, 425–429 (2009)
	109.	 D. Seinige, M. von Köckritz-Blickwede, C. Krischek, G. Klein, 

C. Kehrenberg, PLoS ONE 9, e113812 (2014)
	110.	 G.P. Wu, S.H. Chen, R.E. Levin, J Microbiol Methods 117, 

41–48 (2015)
	111.	 J. Minami, K. Yoshida, T. Soejima, T. Yaeshima, K. Iwatsuki, 

J Appl Microbiol 109, 900–909 (2010)
	112.	 H. Shi, W. Xu, Y. Luo, L. Chen, Z. Liang, X. Zhou, K. Huang, 

J Appl Microbiol 111, 1194–1204 (2011)
	113.	 T. Soejima, F. Schlitt-Dittrich, S. Yoshida, Anal Biochem 418, 

286–294 (2011)
	114.	 S. Wang, R.E. Levin, J Microbiol Methods 64, 1–8 (2006)
	115.	 N.-T. Chen, C.-W. Chang, J Appl Microbiol 109, 623–634 

(2010)
	116.	 X.C. Meng, R. Pang, C. Wang, L.Q. Wang, J Dairy Res 77, 

498–504 (2010)
	117.	 A. Banihashemi, M.I. Van Dyke, P.M. Huck, J Appl Microbiol 

113, 863–873 (2012)
	118.	 J. Zhang, S. Khan, K.K. Chousalkar, Front Microbiol 11, 581201 

(2020)
	119.	 E. Barbau-Piednoir, J. Mahillon, J. Pillyser, W. Coucke, N.H. 

Roosens, N. Botteldoorn, J Microbiol Methods 103, 131–137 
(2014)

	120.	 Q. Yin, M. Nie, Z. Diwu, Y. Zhang, L. Wang, D. Yin, L. Li, Anal 
Methods 12, 3933–3943 (2020)

	121.	 I. Kubo, M. Kajiya, N. Aramaki, S. Furutani, Sensors (Basel) 20, 
1060 (2020)

	122.	 Y. Morishige, K. Fujimori, F. Amano, Microbes Environ 28, 
180–186 (2013)

	123.	 J. Xu, K. Suita, K. Okuno, A. Takaya, T. Yamamoto, E. Isogai, J 
Vet Med Sci 80, 133–137 (2018)

	124.	 L. Zhai, H. Liu, J. Li, Z. Lu, X. Bie, Can J Microbiol 68, 259–268 
(2022)

	125.	 P. Zhang, H. Liu, S. Ma, S. Men, Q. Li, X. Yang, H. Wang, A. 
Zhang, Biosens Bioelectron 80, 538–542 (2016)

	126.	 P. Zhang, H. Liu, X. Li, S. Ma, S. Men, H. Wei, J. Cui, H. Wang, 
Biosens Bioelectron 87, 1044–1049 (2017)

	127.	 P. Zhang, M. Song, L. Dou, Y. Xiao, K. Li, G. Shen, B. Ying, J. 
Geng, D. Yang, Z. Wu, Mikrochim Acta 187, 376 (2020)

	128.	 M. Labib, A.S. Zamay, O.S. Kolovskaya, I.T. Reshetneva, G.S. 
Zamay, R.J. Kibbee, S.A. Sattar, T.N. Zamay, M.V. Berezovski, 
Anal Chem 84, 8966–8969 (2012)

	129.	 S. Chen, X. Yang, S. Fu, X. Qin, T. Yang, C. Man, Y. Jiang, Food 
Control 115, 107281 (2020)

	130.	 I.A. Quintela, B.G. de Los Reyes, C.-S. Lin, V.C.H. Wu, Front 
Microbiol 10, 1138 (2019)

	131.	 Ł Richter, M. Janczuk-Richter, J. Niedziółka-Jönsson, J. Pacz-
esny, R. Hołyst, Drug Discov Today 23, 448–455 (2018)

	132.	 G.S. Stewart, S.A. Jassim, S.P. Denyer, P. Newby, K. Linley, V.K. 
Dhir, J Appl Microbiol 84, 777–783 (1998)

	133.	 I.C. Oliveira, R.C.C. Almeida, E. Hofer, P.F. Almeida, Braz J 
Microbiol 43, 1128–1136 (2012)

	134.	 A. Foddai, C.T. Elliott, I.R. Grant, Appl Environ Microbiol 75, 
3896–3902 (2009)

	135.	 I.Y. Choi, C. Lee, W.K. Song, S.J. Jang, M.-K. Park, J Microbiol 
57, 170–179 (2019)

	136.	 L.D. Stewart, A. Foddai, C.T. Elliott, I.R. Grant, J Appl Micro-
biol 115, 808–817 (2013)

	137.	 N.R. Stambach, S.A. Carr, C.R. Cox, K.J. Voorhees, Viruses 7, 
6631–6641 (2015)

	138.	 K.V. Sergueev, Y. He, R.H. Borschel, M.P. Nikolich, A.A. Filip-
pov, PLoS ONE 5, e11337 (2010)

	139.	 H. Anany, L. Brovko, N.K. El Dougdoug, J. Sohar, H. Fenn, 
N. Alasiri, T. Jabrane, P. Mangin, M. Monsur Ali, B. Kannan, 
C.D.M. Filipe, M.W. Griffiths, Anal Bioanal Chem 410, 1217–
1230 (2018)

	140.	 C. Huang, J. Li, X. Wang, H. Pan, J. Wang, Y. Chen, Food Res 
Int 156, 111279 (2022)

	141.	 N. Franche, M. Vinay, M. Ansaldi, Environ Sci Pollut Res Int 24, 
42–51 (2017)

	142.	 S.D. Alcaine, D. Pacitto, D.A. Sela, S.R. Nugen, Analyst 140, 
7629–7636 (2015)

	143.	 S.D. Alcaine, L. Tilton, M.A.C. Serrano, M. Wang, R.W. Vachet, 
S.R. Nugen, Appl Microbiol Biotechnol 2015(99), 8177–8185 
(2015)

	144.	 A. Mortari, A. Adami, L. Lorenzelli, Biosens Bioelectron 67, 
615–620 (2015)

	145.	 J. Chen, S.D. Alcaine, Z. Jiang, V.M. Rotello, S.R. Nugen, Anal 
Chem 87, 8977–8984 (2015)

	146.	 J. Klumpp, M.J. Loessner, Adv Biochem Eng Biotechnol 144, 
155–171 (2014)

	147.	 J. Chen, M.W. Griffiths, J Food Prot 59, 908–914 (1996)
	148.	 G. Thouand, P. Vachon, S. Liu, M. Dayre, M.W. Griffiths, J Food 

Prot 71, 380–385 (2008)
	149.	 M.M. Nguyen, J. Gil, M. Brown, E. Cesar Tondo, N. Soraya Mar-

tins de Aquino, M. Eisenberg, S. Erickson, Sci Rep 10, 17463 
(2020)

	150.	 S. Kim, M. Kim, S. Ryu, Anal Chem 86, 5858–5864 (2014)
	151.	 M. Schmelcher, T. Shabarova, M.R. Eugster, F. Eichenseher, V.S. 

Tchang, M. Banz, M.J. Loessner, Appl Environ Microbiol 76, 
5745–5756 (2010)

	152.	 J.W. Kretzer, R. Lehmann, M. Schmelcher, M. Banz, K.-P. Kim, 
C. Korn, M.J. Loessner, Appl Environ Microbiol 73, 1992–2000 
(2007)

	153.	 J.W. Kretzer, M. Schmelcher, M.J. Loessner, Viruses 10, 626 
(2018)

	154.	 S.J. Favrin, S.A. Jassim, M.W. Griffiths, Int J Food Microbiol 85, 
63–71 (2003)

	155.	 J. Zhao, C. Huang, X. Wang, X. Wang, J. Wang, A. Ma, Y. Chen, 
Anal Chim Acta 1236, 340564 (2022)

	156.	 A. Banerjee, S. Maity, C.H. Mastrangelo, Sensors (Basel) 21, 
1253 (2021)

	157.	 N. Al-Awwal, M. Masjedi, M. El-Dweik, S.H. Anderson, J. 
Ansari, J Microbiol Methods 193, 106403 (2022)

	158.	 S. Mahari, S. Gandhi, Bioelectrochemistry 144, 108036 (2022)
	159.	 R.R.A. Soares, R.G. Hjort, C.C. Pola, K. Parate, E.L. Reis, N.F.F. 

Soares, E.S. McLamore, J.C. Claussen, C.L. Gomes, ACS Sens 
5, 1900–1911 (2020)



1660	 L. Zhuang et al.

1 3

	160.	 J. Liu, I. Jasim, Z. Shen, L. Zhao, M. Dweik, S. Zhang, M. 
Almasri, PLoS ONE 14, e0216873 (2019)

	161.	 M. Angelopoulou, K. Tzialla, A. Voulgari, M. Dikeoulia, I. Rap-
tis, S.E. Kakabakos, P. Petrou, Sensors (Basel) 21, 2683 (2021)

	162.	 C. Ge, R. Yuan, L. Yi, J. Yang, H. Zhang, L. Li, W. Nian, G. Yi, 
J Electroanal Chem 826, 174–180 (2018)

	163.	 T. Murakami, J Food Prot 75, 1603–1610 (2012)
	164.	 C. Desmonts, J. Minet, R. Colwell, M. Cormier, Appl Environ 

Microbiol 56, 1448–1452 (1990)
	165.	 S. Ku, E. Ximenes, T. Kreke, K. Foster, A.J. Deering, M.R. 

Ladisch, Biotechnol Prog 32, 1464–1471 (2016)
	166.	 O.F. D’Urso, P. Poltronieri, S. Marsigliante, C. Storelli, M. 

Hernández, D. Rodríguez-Lázaro, Food Microbiol 26, 311–316 
(2009)

	167.	 H.B. Vibbert, S. Ku, X. Li, X. Liu, E. Ximenes, T. Kreke, M.R. 
Ladisch, A.J. Deering, A.G. Gehring, Biotechnol Prog 31, 1551–
1562 (2015)

	168.	 M. Yang, A. Cousineau, X. Liu, Y. Luo, D. Sun, S. Li, T. Gu, L. 
Sun, H. Dillow, J. Lepine, M. Xu, B. Zhang, Front Microbiol 11, 
514 (2020)

	169.	 T. Zhang, W. Zhou, X. Lin, M.R. Khan, S. Deng, M. Zhou, G. 
He, C. Wu, R. Deng, Q. He, Biosens Bioelectron 176, 112906 
(2021)

	170.	 X. Liao, X. Xia, H. Yang, Y. Zhu, R. Deng, T. Ding, J Hazard 
Mater 448, 130800 (2023)

	171.	 M.K. Gilbert, C. Frick, A. Wodowski, F. Vogt, Appl Spectrosc 
63, 6–13 (2009)

	172.	 R. Davis, Y. Burgula, A. Deering, J. Irudayaraj, B.L. Reuhs, L.J. 
Mauer, J Appl Microbiol 109, 2019–2031 (2010)

	173.	 R.A. Multari, D.A. Cremers, J.A.M. Dupre, J.E. Gustafson, J 
Agric Food Chem 61, 8687–8694 (2013)

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.


	Advances in detection methods for viable Salmonella spp.: current applications and challenges
	Abstract
	Introduction
	Culture-based methods
	Membrane integrity-based staining assays
	Esterase substances-based assays
	Applications of biosensors
	Immunological assays
	Other reported assays

	Methods for targeting RNAs
	rRNAs
	mRNAs
	Other RNA targets

	Methods for targeting DNAs
	Methods based on the application of ethidium monoazide bromide
	Methods based on the application of propidium monoazide
	Other optional DNA-based assays

	Phage-based strategies
	Biosensor-based strategies
	Other testing methods available
	Conclusions
	Acknowledgements 
	References




