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Abstract
Salmonella spp. is a high-risk bacterial pathogen that is monitored in imported animal-derived feedstuffs.
Serratiafonticola is the bacterial species most frequently confused with Salmonella spp. in traditional
identi�cation methods based on biochemical characteristics, which are time-consuming and labor-
intensive, and thus unsuitable for daily inspection and quarantine work. In this study, we established a
duplex real-time qPCR method with invA- and gyrB-speci�c primers and probes corresponding to
Salmonella spp. and S. fonticola. The method could simultaneously detect both pathogens in imported
feedstuffs, with a minimum limit of detection for Salmonella spp. and S. fonticola of 197 copies/SL and
145 copies/SL, respectively (correlation coe�cient R2 = 0.999 in both cases). The ampli�cation e�ciency
for Salmonella spp. and S. fonticola was 98.346% and 96.49%, respectively. Detection of clinical samples
was consistent with method GB/T 13091-2018, and all seven arti�cially contaminated imported feed
samples were positively identi�ed. Thus, the developed duplex real-time qPCR assay displays high
speci�city and sensitivity, and can be used for the rapid and accurate detection of genomic DNA from
Salmonella spp. and S. fonticola within hours. This represents a signi�cant improvement in the e�ciency
of detection of both pathogens in imported feedstuffs.

Introduction
Salmonella spp. are ubiquitous Gram-negative bacteria in the environment and include six different
subspecies and more than 2000 serotypes that infect a wide range of hosts, often causing severe food
poisoning outbreaks in humans and other animals. People infected with Salmonella can develop
diarrhea, fever, and suffer dehydration, hence Salmonella spp. are of signi�cance to public health.

S. fonticola is a species belonging to the Serratia genus that was �rst isolated from water and soil in
1979 (Gavini et al. 1979). Subsequent studies showed that S. fonticola, a member the Gram-negative
Enterobacteriaceae family that includes Salmonella spp., is also ubiquitous in environments such as
water, soil, plants, and the gastrointestinal tract of humans and other animals (Tasic et al. 2013).
Research has revealed that S. fonticola can infect various tissues and organs in humans, causing septic
arthritis, septicemia, gastrointestinal tract infections, and surgical infections (Rd et al. 1985; Bollet et al.
1991; Kunimoto et al. 2004). Therefore S. fonticola have been de�ned as an important opportunistic
pathogen.

At present, the detection of Salmonella spp. in imported animal-derived feeds (�sh meal and chicken
powder) involves non-selective enrichment, selective enrichment, selective platelet culturing, biochemical
culturing of suspected Salmonella colonies (triglyceride tests, etc.), and even serological typing. These
conventional methods require at least 3 days to detect Salmonella spp. in daily quarantine work.
Furthermore, suspected Salmonella colonies based on selective plate isolation and culturing of imported
animal-derived feeds often turn out to be S. fonticola when biochemical properties are investigated (Chen
et al. 2016). The enzyme linked immune sorbent assay (ELISA) method is commonly used for detecting
pathogens in imported animal-derived feeds, but this method can produce incorrect results due to its
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cumbersome operational steps. A novel method involving polymer �uorescent nanoparticles as biosensor
probes has been described for the detection of Salmonella (Jain et al. 2016), which takes only 3 h, but
cannot be applied to large volume detection due to its prohibitively high cost.

Traditional PCR and multiplex PCR methods have been developed for the detection of Salmonella species
and Serratia genus attributed to its high sensitivity, speci�city, and results can be obtained within several
hours. Multi-PCR approaches can differentiate two or more pathogens in one ampli�cation, however,
products are easily contaminated during agarose gel electrophoresis, which increases false-positive and
false-negative results. Thus, a more reliable approach such as real-time �uorescence quantitative PCR
(RT-qPCR) would be more desirable for the rapid and accurate detection of pathogens. RT-qPCR methods
are known to be fast, reliable, and highly e�cient. Several single RT-qPCR methods for detecting S.
nematodiphila (Hurst et al. 2008), S. marcescens (Iwaya et al. 2005; Joyner et al. 2014; Cornegliani et al.
2015) and Salmonella spp. (Perelle et al. 2004; Nam et al. 2005; Tomás et al. 2009) have been described.

Previous studies on �sh meal and other animal-derived feeds have mainly focused on the detection and
epidemiology of Salmonella, Shigella, Escherichia coli, and other common pathogenic bacteria. A method
for the simultaneous detection of Salmonella spp. and S. fonticola in imported animal-derived feeds
using RT-qPCR has not been reported. Such a method could provide rapid differential diagnosis of
suspected Salmonella colonies after selective plate separation and culturing. This would undoubtedly
improve the detection of Salmonella, and greatly shorten the time required for subsequent biochemical
and serological identi�cation, saving valuable manpower and material resources.

The duplex real-time qPCR method established in the present work provides a useful tool for the
simultaneous detection of Salmonella spp. and S. fonticola. The method has important theoretical
signi�cance and great potential for improving the safety of imported feeds by rapidly identifying bacterial
pathogens and facilitating effective quarantining in a more timely manner than traditional detection
methods.

Materials And Methods
Bacterial strains

A total of 48 tested strains were used in this study, including 17 reference strains from six different
collection centers, and 31 isolates from imported �shmeal (Table S1, S2, and S3). All experimental strains
were streaked on nutrient agar plates and cultured in Luria-Bertani (LB) broth at 37°C overnight (~18–24
h), except for S. marcescens, which was grown at 23°C for 24 h. An established single colony was
inoculated into 3 mL of LB broth for 8 h and the resultant culture was harvested for genomic DNA
extraction.

Sample collection and bacterial isolation
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A 25 g sample of �shmeal was added to 225 mL of buffered peptone and incubated at 36 ± 1°C for
between 16-20 h. A 10 mL sample of this pre-enrichment culture was transferred into 100 mL of
enrichment solution containing selenite cystine, cultured at 36 ± 1°C for 24 h, and inoculated onto
selective medium designed for Salmonella spp. Two Salmonella spp. colonies were cultured at 36 ± 1°C
for 48 h in selective medium, one on the medium slope, the other punctured through the agar, and both
were then inoculated on trisaccharide iron medium. Meanwhile, suspicious colonies were inoculated onto
lysine decarboxylase medium and cultured at 36 ± 1°C for 18-24 h (or up to 48 h if necessary). Colonies
from positive samples presumed to be Salmonella spp. were further identi�ed using a VITEK II Compact
30 instrument (BioMérieux) with a GN card according to the manufacturer’s speci�cations. DNA
extraction from isolates and reference strains was performed with a TIANamp Bacteria DNA Kit (Tiangen
Biotech, Co., Ltd, Beijing, China) according to the manufacturer’s recommendations.

Species-speci�c Primers and Probes Design

The invA sequences of Salmonella spp. were aligned to identify conserved and speci�c regions using
CLUSTAL W software (Aiyar, 2000). A series of sense and antisense primers were designed based on
these conserved and speci�c regions using ABI ViiA7 PrimerExpress software, and the �nal speci�c
primer pair and dual-labelled probe (Table S4) targeting the Salmonella spp. virulence gene were
determined using the basic logical alignment search tool (BLAST) (Altschul et al. 1997). Primers and
dual-labelled probe targeting the gyrB gene were as described our previous research (Ruan et al. 2017).
The primers and probes sets were synthesized by Sangon Biotech (Shanghai, China), and probes labeled
with the �uorescent reporter dye carboxy-4',5'-dichloro-2',7'-dimethoxy�uorescein (JOE) targeting invA and
6-carboxy�uorescein (FAM) targeting gyrB were covalently coupled to the 5'-end, with Black Hole
Quencher 1 (BHQ-1) at the 3'-end.

Single real-time qPCR assays

The optimum annealing temperature of primers were screened using a Bio-rad CFX96 Real-time PCR
system (Bio-Rad Laboratories, Inc., USA). Two simplex RT-qPCR detection methods for the detection of
Salmonella spp. and S. fonticola were established using primers and probes targeting invA and gyrB
genes, respectively, using an Applied Biosystems ViiA 7 real-time PCR system (Life Technologies Inc.,
Foster City, CA, USA). Reaction conditions were determined after various PCR parameters were tested
according to the information supplied with the reagents. The optimized 20 µL PCR contained 10 µL of 2×
Premix Ex Taq (TaKaRa Biomedical Technology Co., Ltd), 0.4 µL of each primer (10 mM) and probe (10
mM), 0.2 mL of ROX Reference Dye (50×), 1 µL of bacterial DNA, and 7.6 mL of Rnase-free ddH2O.
Optimized thermal cycling conditions involved an initial denaturation at 95°C for 30 s, followed by 40
cycles at 95°C for 5 s and 64°C for 34 s. ViiA 7 Software was employed to monitor PCR ampli�cation, and
the collect and analyze ampli�cation data.

To verify the speci�city of the two simplex RT-qPCR assays, tests were performed by amplifying genomic
DNA extracted from strains. We constructed recombinant plasmids carrying invA and gyrB gene to
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determine the sensitivity of two simplex real-time qPCR. The standard plasmids of pMD-invA and pMD-
gyrB were serially diluted 9 times with ten-fold and then subjected to RT-qPCR to make standard
curves(three technical replications for each dilution), from which we determined both the ampli�cation
e�ciency and the minimum detection limit of the two real-time qPCR methods. The plasmid copy
numbers was calculated using the following formula (Whelan et al. 2003):

Copy number= (DNA amount (ng) ×6.022×1023/ length (bp)×109×650).

Duplex real-time qPCR assay

A duplex real-time qPCR assay was established based on the two simplex RT-qPCR assays developed for
the detection of Salmonella spp. and S. fonticola using an equal amount of genomic DNA from the two
pathogens in the same reaction. Optimal PCR conditions were ultimately determined based on the
simplex RT-qPCR parameters described above by varying a single factor while all other parameters
remained constant. The main factor to be investigated was the concentration of the two primer and probe
sets since the annealing temperatures of primers and probes was already calculated.

To analyze the reproducibility and stability of the established duplex real-time qPCR method, recombinant
pMD-invA and pMD-gyrB plasmids were 10-fold serially diluted �ve times (each dilution was tested in
triplicate). A total of 96 reactions were simultaneously performed using the invA- and gyrB recombinant
plasmids in the same real-time qPCR mixture to verify reproducibility. The coe�cient of variation (CV)
based on quanti�cation cycle (Cq) values for each test was used to evaluate the performance of this
approach.

Detection of arti�cially contaminated feed stuffs

We tested seven imported �shmeal samples not contaminated by either Salmonella spp. or S. fonticola. A
25 g portion of 10 of the �shmeal samples was arti�cially contaminated with Salmonella spp., while the
other 10 samples were contaminated with S. fonticola, and contaminated samples were added to 225 mL
of buffered peptone enrichment solution and incubated at 36 ± 1°C for 16-20 h. A 1 mL sample of the pre-
enrichment culture was transferred into 10 mL of enrichment solution containing selenite cystine,
cultured at 36 ± 1°C for 24 h, and 1 mL of the resultant culture was used for genomic DNA extraction
using the TIANamp Bacteria DNA Kit (Tiangen Biotech, Co., Ltd). Finally, RT-qPCR was performed for the
detection of Salmonella spp. and S. fonticola, and the national standard method (GB/T13091-2018) was
also employed for veri�cation.

Results
Determination of optimum annealing temperature

Genomic DNA from Salmonella enteritidis and S. fonticola was used as a template to determine optimal
annealing temperatures for the two primer sets by testing between 55 and 65°C using a Bio-Rad
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�uorescence quantitative PCR instrument. RT-qPCR using the designed primers and probes yielded the
highest �uorescence intensity of ampli�ed products at am annealing temperature of 64.5°C for both invA-
and gyrB-speci�c primers and probes, and this annealing temperature was employed in subsequent
experiments.

Speci�city of the single real-time qPCR assay

The speci�city of the two single real-time qPCR assays was veri�ed by amplifying genomic DNA
extracted from reference strains and laboratory isolates. The real-time qPCR assay detected Salmonella
spp. only, while no �uorescent signal was observed for any non-Salmonella spp. strains or blank
controls(Fig. 1A). However, the real-time qPCR assay targeting S. fonticola generated four speci�c
ampli�cation curves for the detection of four S. fonticola strains, while non-S. fonticola and blank
controls were not ampli�ed (Fig. 1B). Thus, the speci�city of the two real-time qPCR assays was 100%,
with no detectable �uorescent signal for negative samples or blank controls.

Standard curves and sensitivity of the real-time qPCR assay

Recombinant invA- and gyrB-containing plasmids were 10-fold serially diluted nine times, resulting in real-
time qPCR amplicon copy numbers from 1. 97×1010 copies/µL to 1. 97×102 copies/µL, and 1.45×1010

copies/µL to 1.45×102 copies/µL, respectively. The standard curve for invA has a γ intercept of 48.116, a
slope of -3.267, and a mean e�ciency of 102.344% (Fig. 2A). The gyrB standard curve has a γ intercept
of 42.919, a slope of -3.242, and a mean e�ciency of 103.429% (Fig. 2B). As shown in Fig. 2C and 2D, the
single quantitative real-time PCR assays could detect Salmonella spp. and S. fonticola at concentrations
as low as 197 and 145 copies per reaction, respectively.

Establishment of the duplex real-time qPCR

Fig. 3A and Fig. 3B shows ampli�cation plots and standard curves for the duplex real-time qPCR assay
established for simultaneous detection of Salmonella spp. and S. fonticola developed with recombinant
pUCm-invA and pUCm-gyrB plasmids. Standard curve slopes are -3.362 and -3.409 for the detection of
invA and gyrB, respectively, indicating an ampli�cation e�ciency of 98.346% and 96.49%. A correlation
coe�cient consistently higher than 0.999 indicates effective simultaneous detection of two kinds of
pathogens in one real-time qPCR assay without cross-reaction.

Tests of reproducibility and stability

Five recombinant invA and gyrB plasmid dilutions were simultaneously used as substrates to evaluate
the reproducibility and stability of the assay. As shown in Table S5, the standard deviation was no more
than 0.153 for all reactions, and the coe�cient of variation was less than 0.73%. Additionally, Ct values
for the same plasmid samples obtained from same experiments were determined to analyze the
performance of the developed real-time qPCR method. The results showed that ampli�cation plots for all
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96 replicate reactions were almost coincident in the vicinity of the threshold line (Fig. S1). Thus, the
established quantitative real-time PCR assay has high stability and reproducibility.

Duplex real-time qPCR analysis of imported feed stuffs

Imported feedstuffs not infected with either Salmonella spp. or S. fonticola were arti�cially contaminated
with the corresponding pathogens. Three feed samples were contaminated with Salmonellaenteritidis
and S. fonticola, while four samples were contaminated with Salmonellaenteritidis only. Expected
�uorescent signals were observed among all arti�cially contaminated feed samples by the end of
ampli�cation (Fig. 4). Meanwhile, the results of the detection of arti�cial contaminated samples were
consistent with the national standard method (GB/T13091-2018) that was also employed for veri�cation.

Discussion
Many target genes for the detection of Salmonella genus have been reported, including afgA, hilA, spvC,
sef (Crăciunaş et al. 2012; Mann et al. 2013), �iC, �iB, iroB, rfbJ(Shanmugasundaram et al. 2009), ompC
(Ngan et al. 2010), spvR (Mahon et al. 1993) , �mA(Cano et al. 1993), viaB (Hashimoto et al. 1995) ,etc.
However, they have shortcomings for the identi�cation of Salmonella species, and false-positives limit the
diagnostic process. At present, quorum sensing-related such as luxS and gyrB are widely used, along with
virulence genes invH, sopE, hilA, and invA in the SP11, sugR, rhuM, and iacP in the SPI-3 pathogenicity
island, and spvB and spvC in virulence plasmids. Of these, invA, which encodes an epithelial cell surface
protein, is present in all Salmonella species, and is the most widely reported target gene in the Salmonella
genus. Primers and probes for the diagnosis of Salmonella spp. based on this conserved gene are highly
speci�c, hence invA was selected as the target gene for real-time qPCR detection of Salmonella species in
the present study.

The 16S rDNA gene has been used for classi�cation and identi�cation of Serratia species in previous
studies, as has the quorum sensing gene luxS (Zhu et al. 2008), which was employed in real-time qPCR
(Joyner et al. 2014). In addition, several studies used carbapenem antibiotic resistance genes for
identi�cation of Serratia species (Yamamoto and Harayama, 1996). The gyrB gene, encoding the B
subunit of DNA gyrase (GyrB) that forms topoisomerase II, an essential protein in replication,
transcription, DNA synthesis, and maintenance of the DNA supercoiled structure, is more reliable than the
16S rDNA gene for the identi�cation of bacterial species (Gellert et al. 1976). The protein-coding gyrB
gene contains more genetic information than the non-protein-coding 16S rDNA, resulting in a greater
capacity to distinguish bacterial species (Kasai et al. 1998). Thus, the gyrB gene was selected for
discriminating S. fonticola and Salmonella spp. using real-time qPCR.

Real-time qPCR requires stricter primers, ampli�cation products, and reaction conditions than
conventional PCR. Primers used for real-time qPCR are typically 18-30 bp in length. Shorter primers (<15
nucleotides) can be combined e�ciently, but often to the detriment of speci�city. By contrast, longer
primers often display enhanced speci�city but may also hybridize with the wrong pairing sequence,
reducing speci�city and decreasing the e�ciency of hybridization, resulting in diminished PCR
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ampli�cation. Ideal results are generally obtained when amplifying products of less than 300 bp.
Therefore, the PCR products selected for differentiating Salmonella spp. and S. fonticola were 199 bp and
94 bp, respectively. Different annealing temperatures were tested to determine the optimum annealing
temperature of the two pairs of primers, in order to reduce the in�uence of annealing temperature on the
duplex real-time qPCR experiment. An annealing temperature of 64°C was found to be optimal.

The duplex real-time qPCR approach established for the rapid detection of Salmonella spp. and S.
fonticola in imported feedstuffs was characterized by a high correlation coe�cient between the Ct value
and the logarithm of the initial copy number (R2 = 0.999). Additionally, parameters including slope, y-axis
intercept, and ampli�cation e�ciency between duplex real-time PCR and single real-time PCR were
compared. As shown in Table S6, the slope of the standard curve and its intercept on the y-axis are
approximately equal, and the ampli�cation e�ciency is ~100%. Thus, simultaneous detection of the two
pathogens was achieved in a single duplex real-time qPCR ampli�cation assay, and the detection limit of
this method is suitable for daily inspection and quarantine work. In summary, the rapid diagnostic
method established in this study has many advantages, including a low detection limit and high
repeatability. It is also rapid and convenient to deploy, since the results can be obtained within several
hours after pre-enriching, representing a signi�cant improvement in e�ciency for detecting Salmonella
spp. in imported animal-derived feedstuffs during quarantine work. This method is of great theoretical
and practical value for ensuring the safety of imported feedstuffs.

Conclusion
Imported feedstuffs must be tested for pathogenic Salmonella species that represent a biological hazard.
Various non-Salmonella colony-forming species belong to Enterobacteriaceae, and Serratia fonticola
forms colonies of similar color and morphology to Salmonella spp., leading to confusion in daily
quarantine tests. Traditional methods based on biochemical and serological characteristics are
cumbersome and labor-intensive, and unable to fully support current quarantine testing demands. Thus,
there is an urgent need to develop a rapid and accurate method for the effective identi�cation of these
pathogens. The duplex real-time qPCR method established herein can rapidly identify Salmonella spp.
and S. fonticola, and has great potential for application to feed safety and prevention of exterior
pathogens.
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Figure 1

Speci�city testing of the real-time qPCR assay. Ampli�cation plots for the detection of Salmonella. app
(A) and S. fonticola (B).
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Figure 2

Standard curves and sensitivity of the real-time qPCR assay. Standard curves for Salmonella. app (A) and
S. fonticola (B) RT-qPCR assay. The curves represent a range from 1010 to 102 copies per reaction.
Sensitivity of the real-time qPCR assay for the detection of Salmonella species (C) and S. fonticola (D).
Ampli�cation plots from left to right represent a range of invA/gyrB gene-containing plasmids from
1.97×1010 to 1.97×102 copies/µL (1.45×1010 to 1.45×102 copies/µL), respectively.
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Figure 3

Ampli�cation plot for the duplex RT-qPCR assay using serially diluted plasmids (A). Ampli�cation plots
1–5 represent gyrB gene-containing plasmid ranging from 1.97×1010 to 1.97×106 copies/µL,
respectively. Ampli�cation plots 6–10 represent invA gene-containing plasmid ranging from 1.45×1010 to
1.45×106 copies/µL, respectively. Standard curves for the duplex RT-qPCR assay (B). Y1 and Y2 are
standard curves using invA gene- and gyrB gene-containing plasmids, respectively.
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Figure 4

Detected ampli�cation plot of arti�cially contaminated Feedstuffs.
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