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Abstract: An accurate method that rapidly detects the number of viable but nonculturable (VBNC)
Cronobacter sakazakii was developed by combining propidium bromide with quantitative LAMP
(PMA-QLAMP). The gyrB gene was the target for primers design. The optimal PMA treatment
conditions were determined to eliminate the DNA amplification of 108 CFU/mL of dead C. sakazakii
without affecting any viable C. sakazakii DNA amplification. Compared with the DNA of 24 strains
of common non-C. sakazakii strains found in raw milk and dairy products, the DNA of only six
C. sakazakii strains from different sources was amplified using PMA-QLAMP. The ability of PMA-
QLAMP to quantitatively detect non-dead C. sakazakii in a 10% powdered infant formula (PIF)
solution was limited to 4.3 × 102 CFU/mL and above concentrations. Pasteurizing 106 CFU/mL
viable C. sakazakii yielded the maximum ratio of the VBNC C. sakazakii. PMA-QLAMP-based detection
indicated that, although approximately 13% of 60 samples were positive for viable C. sakazakii, the
C. sakazakii titers in these positive samples were low, and none entered the VBNC state under
pasteurization. PMA-QLAMP showed potential as a specific and reliable method for detecting
VBNC-C. sakazakii in pasteurized raw milk, thereby providing an early warning system that indicates
potential contamination of PIF.

Keywords: viable but nonculturable; Cronobacter sakazakii; propidium bromide; quantitative
loop-mediated isothermal amplification; raw milk; pasteurization

1. Introduction

Cronobacter sakazakii belongs to the genus Cronobacter in the Enterobacteriaceae fam-
ily [1]. As a foodborne pathogen, it is a facultative anaerobic spore-free gram-negative
bacterium [2]. In 2008, according to the reports provided by the Food and Agriculture
Organization and the World Health Organization, more than 120 cases of C. sakazakii re-
lated diseases can be seen, most of which are life-threatening infections. Many of these
outbreaks were related to the consumption of infant formula contaminated with C. sakazakii,
leading to a large number of recalls and lawsuits. In 2011, the Centers for Disease Control
and Prevention reported that the number of infants infected with C. sakazakii had tripled
and was continuing to increase [3]. C. sakazakii is an important foodborne opportunistic
pathogen, which usually leads to diseases in newborns and people with low immunity, such
as septicemia, neonatal meningitis, and necrotizing enterocolitis. Although the probability
of an infant being infected with C. sakazakii is very low, once infected, the death rate is as
high as 40–80% [4]. Most cases of C. sakazakii infection can be traced back to powdered
infant formula (PIF), which often acts as the main source of infection [5]. Pasteurization,
oligonutrition, low temperatures, or drying during the production and processing of PIF
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may induce C. sakazakii to enter a sublethal state, wherein it remains viable but cannot be
cultured on a plate (VBNC) [6–8].

Although VBNC bacteria lose their ability to grow and reproduce on plates, their vital
signs, virulence, and pathogenicity are retained. Under appropriate growth conditions,
VBNC bacteria can recover, resume growth, reproduce, and quickly reach pathogenic
levels [9,10]. C. sakazakii that has lost culturability may yet recover after periods as long
as 2.5 years and cause disease following ingestion. This is compounded by the fact that
such bacterial states cannot be detected via traditional plate counting methods, resulting in
missed detections as well as false negatives during food safety testing [11,12]. The resulting
safety risks are not easy to determine; consequently, even PIFs manufactured according
to production specifications may be exposed to pollutants. Since VBNC C. sakazakii can
be missed by plate cultures, it has been considered a “hidden pollution source”, seriously
threatening the security of PIF [13,14].

Accurate identification and detection of the VBNC state have always been a major
research goal in quantitatively detecting viable bacteria. Researchers have combined
methods based on different principles to more rapidly and effectively detect the number of
viable bacteria [15,16]. Currently, approaches combining viable bacteria counting methods
and culturable bacteria counting methods are widely used. Therein, the quantitative value
of VBNC bacteria is calculated as the difference between the significantly higher value of
viable bacteria and the plate culture value. Generally, an accurate estimate of culturable
bacteria can be obtained via the plate counting method. Therefore, difficulties associated
with VBNC bacterial detection are mostly linked to viable bacteria counting methods [17,18].
Using the PMA-qPCR technology of Cao et al. [19], the 9.08 Log10 CFU/mL concentration
of the viable but nonculturable (VBNC) state of C. sakazakii in the later stage of milk
fermentation could be detected. Lv et al. [20] developed the IMS-PMAxx-ddPCR method
after IMBs enrichment, which showed higher detection of C. sakazakii VBNC in PIF (lower
limit was 5.6 copies/g).

Quantitative isothermal amplification (QLAMP) conducts a molecular biological
method to detect nucleic acids [21], where fluorescent dyes are added to a conventional
LAMP (loop-mediated isothermal reaction) reagent tube [22]. Based on the positive propor-
tional relationship between the fluorescent intensity of dye and the DNA concentration
(double-stranded), the concentration of initial DNA can be quantified, a technique that
shows advantages, such as strong specificity, high sensitivity, rapidity, and accuracy. How-
ever, the nucleic acid amplification method does not distinguish between dead and viable
bacteria in the sample. After bacteria die, the DNA remains long-term on food, which
may lead to false positives, overestimates of the actual bacterial abundance, and inaccurate
test results. Propidium monoazide (PMA) combined with nucleic acid amplification is
currently used to quantitatively detect viable bacteria [23]. PMA is a selective nucleic acid
crosslinking dye, which can penetrate the membranes of dead bacteria but not those of
viable bacterial cells [24,25]. After entering the cell, PMA covalently cross-links with DNA
after more than 1 min of intense light exposure. At the same time, free PMA outside the cells
is removed via photolysis to avoid false-negative results. Thus, target DNA in dead cells
will not be amplified [26,27]. The bacteria in the VBNC state are viable bacteria without cell
membrane damage. The combination of PMA and QLAMP Technology (PMA-QLAMP)
can quantitatively measure viable bacteria, including the proportions of VBNC bacteria.

In this study, primers were designed based on gyrB [28] of the C. sakazakii species-
specific gene, while the PMA-QLAMP method was established to quickly and accurately
detect viable C. sakazakii. Some C. sakazakii can be induced into the VBNC state by pasteur-
ization. Selective inhibition of amplification of nonviable C. sakazakii DNA by PMA in PIF,
thereby providing a reference for the monitoring and inspection of foodborne pathogenic
bacteria in the VBNC state.
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2. Materials and Methods
2.1. Strains and Culture Conditions

The specificity of this set of primers was verified by detecting six C. sakazakii (ATCC29544,
CICC21561, CICC21562, CICC21572, CICC24112, CICC21665) strains and 24 related bac-
terial strains by the QLAMP. Single colonies from each of the six C. sakazakii strains were
cultured for 18 h at 37 ◦C in a buffer peptone water (BPW) culture medium. Single
colonies from each of the eight Pseudomonas strains, (Pseudomonas fluorescens ATCC13525,
Pseudomonas aeruginosa CICC10351, Pseudomonas alcaligenes CICC23927, Pseudomonas simiae
CICC22692 CICC10402, Pseudomonas chlororaphis CICC21627, Pseudomonas rhodesiae CICC21957,
Pseudomonas putida CICC21624) were inoculated into BHI (i.e., brain heart infusion) broth
and cultured at 30 ◦C for 18 h. Streptococcus thermophilus CICC20174, Lacticaseibacillus paracasei
CGMCC4691, and five strains of Lactobacillus (CGMCC1.3342, CGMCC1.1856, CGMCC1.120,
CGMCC1.2442, and CGMCC1.580) were inoculated in MRS (de Man, Rogosa, and Sharpe)
agar free medium, respectively, and cultured at 37 ◦C for 24 h. Single colonies of the nine
related bacterial strains (Escherichia coli CMCC44102, Salmonella Typhimurium CICC21484,
Staphylococcus aureus ATCC25923, Listeria monocytogenes ATCC19115, Bacillus cereus CICC20450,
Bacillus licheniformis ATCC21424, Streptococcus agalactiae ATCC 13813, Streptococcus mutans
ATCC35668, Streptococcus gordonii ATCC 49818) were incubated in NB (nutrient broth)
medium under their respective suitable culture conditions for 18 h. Bacterial strains were
purchased from the ATCC (American Type Culture Collection), the CGMCC (China Gen-
eral Microbiological Culture Collection), the CMCC (National Center for Medical Culture
Collection), and the CICC (China Industrial Culture Collection). The Co., Ltd. of China
Beijing land bridge technology provided various culture media for this study.

2.2. Preparation of Bacterial DNA

The precipitates of 1 mL of suspensions containing exponentially growing bacteria
were collected by centrifugation (13,523× g, 2 min, 20 ◦C). Next, 130 µL of sterile water
and 70 µL lysozyme (50 mg/mL) were added to a centrifuge tube containing a solution
of gram-positive bacteria, which was vibration-mixed and allowed to stand at 20 ◦C for
5 min. After centrifugation (13,523× g, 2 min, at 20 ◦C) to collect the precipitates, all
strains were subjected to DNA extraction according to the lysis of boiling water method
described by Wang et al. [29]. The extracted DNA of all strains was placed at −20 ◦C for
subsequent experiments.

2.3. Construction of PMA Treatment Method
2.3.1. Selection Time of Heat Killing for C. sakazakii

Each 1 mL of C. sakazakii viable bacteria suspension (108 CFU/mL) was filled in a
centrifuge tube and heated for 0, 1, 2, 4, 6, 7, 8, 9, or 10 min at 100 ◦C. After the heating
period, each tube was immediately cooled by placing it on ice. Thermal lethal time in the
heat-treated bacterial suspension was determined as a Drugan-Forsythe-Iversen agar (DFI,
Oxoid Thermo Fisher, Altrincham, United Kingdom) plate counting [30,31] of <1 CFU/mL
(three replicates in each group) and a negative PMA-QLAMP detection (not PMA-treated
bacteria were used as the control, three replicates in each group). DFI plate counting was
used as a method for gradient dilution of C. sakazakii (according to the requirements of
GB 4789.2-2016) and culture counting. C. sakazakii (1 mL) was added to each of two sterile
culture dishes, and 20 mL of DFI medium (cooled to 46 ◦C) was injected into each culture
dish and rotated to mix evenly. After the agar was coagulated, the plate was turned over
and incubated at 36 ◦C for 24 h before counting.

2.3.2. Establishment of PMA Pretreatment System for C. sakazakii

The orthogonal test (three factors: PMA working concentration (A), the time of dark
reaction (B), and exposure (C); three contents (levels): (1) 3 µg/mL (working concentration),
3 min (avoid light), 3 min (exposure); (2) 5 µg/mL (working concentration), 5 min (avoid
light), 5 min; (3) 10 µg/mL (working concentration), 10 min (avoid light), 10 min (exposure)
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of PMA (40013, Biotium, Hayward, CA, USA) was designed as shown in Table 1. The
best PMA pretreatment system was based on the analysis and selection of nine groups of
experimental results, as described by Van et al. [32], consisting of a combination of three
factors that can completely inhibit the dead C. sakazakii DNA amplification while exerting
no effect on the viable C. sakazakii DNA amplification.

Table 1. PMA pretreatment conditions of the orthogonal test.

Contents

Factors

A B C

PMA Working Concentration
(µg/mL)

Time of Dark Reaction
(min)

Time of Exposure
(min)

1 3 3 3
2 5 5 5
3 10 10 10

Next, 0.3, 0.5, and 1 µL of a 10 mg/mL PMA solution were added to C. sakazakii
suspension (1 mL) solutions to form three levels of PMA working concentration, respec-
tively, which were protected from light for 3, 5, and 10 min, respectively. Each mixture
treated with the PMA of C. sakazakii (placed on ice) was exposed under a halogen light
source (650 W, Philips, Italy) placed 20 cm above the specimen for 3, 5, and 10 min, re-
spectively. The sediment was then collected by centrifugation (13,523× g, 2 min, 20 ◦C),
resuspended twice with sterile water (200 µL), and DNA (lysed in the 100 µL sterile water)
was extracted according to Section 2.2 Preparation of bacterial DNA. QLAMP was used
to detect the PMA-treated and -untreated DNA to analyze the inhibition rate (maximum)
of dead bacteria DNA. The inhibition rate (minimum) of viable bacteria was analyzed
by DFI agar plate counting. The best conditions for PMA treatment were determined by
comprehensive consideration.

2.4. Development of the QLAMP Method
2.4.1. Screening of Species-Specific Gene Sequences and Design of QLAMP Primers

The gyrB gene (1156 bp) of C. sakazakii ATCC 29544 (GeneBank ACC No: JX983606) was
obtained from GenBank and submitted to BLASTN of NCBI (National Center Biotechnology
Information, available at https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&
PAGE_TYPE=BlastSearch&LINK_LOC=blasthome (accessed on 10 June 2021)) to search for
related sequences. Subsequently, 23 strains sequences (ten C. sakazakii and 13 related strains)
showing more than 92% homology with C. sakazakii ATCC 29544 were downloaded. Using
Clustalx software (version 1.81, European Bioinformatics Institute, the United Kingdom,
available at https://mydown.yesky.com/pcsoft/33463932/versions/ (accessed on 5 March
2021)), 23 sequences were shortened into equal length (520 bp) sequences. Five identical
sequences were deleted from these 23 with DAMBE software (version 7.0.35, Kluwer Aca-
demic, Boston, available at https://www.softpedia.com/get/Science-CAD/DAMBE.shtml
(accessed on 5 March 2021)). The phylogenetic tree of the retained 18 sequences targeting
gyrB was constructed. The robustness of each branch was evaluated with bootstrapping
replicates (1000 times, neighbor-joining) using MEGA software (version 4.0, Temple Uni-
versity, Philadelphia, PA, USA, available at https://mydown.yesky.com/pcsoft/107253
376/versions/ (accessed on 5 March 2021)). The phylogenetic tree was used to analyze
whether this sequence represented the sequence of the intraspecific conserved region and
interspecific variation region of gyrB of C. sakazakii ATCC 29544.

The sequences of the intraspecific conserved region and interspecific variant region of
gyrB of C. sakazakii ATCC 29,544 were determined by aligning. Six QLAMP primers were
designed on line primerexplorer (version V5, EIKEN CHEMICAL, Japan, its website was
https://primerexplorer.jp/elamp5.0.0/index.html (accessed on 12 June 2021)), including
two outer primers FOP (the 13 bp base sequence 5′-3′ direction was ‘CCGTTAAAGT-

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
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https://mydown.yesky.com/pcsoft/107253376/versions/
https://mydown.yesky.com/pcsoft/107253376/versions/
https://primerexplorer.jp/elamp5.0.0/index.html


Foods 2022, 11, 2653 5 of 16

GCC’) and BOP (the 14 bp base sequence 5′-3′ direction was ‘GCTTTACGTGCCGC’), two
inner primers FIP (the 40 bp base sequence 5′-3′ direction was ‘TGCTGCTCAACCGCC-
GATTTCTCCTCCCAGACCAAAGACA’) and BIP (the 36 bp base sequence 5′-3′ direction
was ‘GATGAACGAGCTGCTGGCCGTCGATAATTTTGCCGA’), two loop primers FLP
(the 16 bp base sequence 5′-3′ direction was ‘CACCTCGGAGGAGACC’) and BLP (the
14 bp base sequence 5′-3′ direction was ‘CTGCTGGAGAACCC’).

2.4.2. Quantitative LAMP Amplification Reaction

First, reaction buffer (2.5 µL, 10× Thermopol, new England biolabs (NEB), MgSO4,
0.5 µL, 100 mM, NEB, Ipswich, MA, USA), dNTPs (1.5 µL, an equimolar mixture of dATP,
dCTP, dGTP, and dTTP each at 2.5 µmoL, TaKaRa Bio (Dalian) Co., Ltd., Dalian, China),
betaine (2.0 µL 10 M, Sigma, Ronkonkoma, NY, USA), primer (2.5 µL each of FIP, BIP, FLP,
and BLP, 0.5 µL each of FOP and BOP, 10 µM, Shanghai Bio technology Co., Ltd., Shanghai,
China), SYBR Green I (10,000×, 1:200, 0.3 µL, Coolaber Science and Technology Co., Ltd.,
Beijing, China), DNA template (1 µL, 10 ng/µL < initial concentration < 100 ng/µL), BST
DNA polymerase large fragment (1.0 µL, 8 U/µL, NEB, Ipswich, MA, USA) were mixed
with 4.7 µL of water (sterile distilled, TaKaRa Bio (Dalian) Co., Ltd., Dalian, China) in a PCR
tube (200 µL, Axygen Scientific Inc., Union City, CA, USA) up to a total volume to 25 µL.
The reaction system was mixed evenly and briefly centrifuged. Then the liquid surface of
the amplification system was covered with 20 µL of mineral oil to prevent the volatilization
of amplification products from polluting the amplification area. Last, the reaction PCR
tube was placed in an amplifier (Applied Biosystems Quantum Studio 3 System, Waltham,
MA, USA). A constant temperature was set at 62 ◦C for 40 min, generating a real-time
amplification curve.

2.4.3. Specificity of QLAMP

The DNA of six C. sakazakii strains from different sources and 24 related bacterial strains
from milk and dairy products were detected using QLAMP to verify the primer specificity.
The DNA contents of the 1 mL bacterial suspensions that had reached the exponential
growth stage in 30 C. sakazakii and non-C. sakazakii strains ranged from 45–55 ng/µL. The
DNA of blank control was replaced by sterile distilled water. The DNA was extracted
(boiling water lysis method) and detected twice.

2.4.4. Detection Limit and Quantitative Range of Viable C. sakazakii

C. sakazakii ATCC 29544 liquid culture suspension (1 mL, cultured for 18 h at 37 ◦C) was
counted using DFI agar plate count. Meanwhile, after PMA treatment, 1 mL of continuously
diluted (tenfold) solution of C. sakazakii ATCC 29544 was centrifuged (13,523× g, 2 min)
and a series of concentrations of DNA (100 µL each) were extracted according to the
boiling water bath method in Section 2.2 “Preparation of bacterial DNA”. Each series of
DNA solutions was detected three times with PMA-QLAMP. The logarithm of the initial
concentration of viable C. sakazakii was set as the abscissa, and the Ct value (1 cycle (average
Ct value of three measurements) = 1 min) was set as the ordinate, and the standard curve
was drawn. When quantifying C. sakazakii, the initial concentration of C. sakazakii was
calculated according to the logarithm of the concentration corresponding to the Ct value
on the standard curve when the peak of C. sakazakii starts. On the standard curve, the
amplification efficiency E [33] was also calculated by the slope S of the linear equation
using the following formula:

E = 10−1/s − 1,

We ensured that there was no C. sakazakii in the PIF via DFI agar plate counting and
PCR methods [34]. The experiments for the detection limit of C. sakazakii in 10% PIF solution
by PMA-QLAMP were as follows: First, a 10% PIF solution was prepared by adding 25 g
of PIF to 225 mL of water at 50–60 ◦C in a beaker. This was stirred to dissolve the PIF, then
autoclaved at 115 ◦C for 15 min. Second, the DFI agar plate counting method and PCR
amplification sequencing method [34] were used to confirm there was no C. sakazakii in the
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10% PIF solution. For DFI agar plate counting, 1 mL of 10% PIF solution was used. At the
same time, a parallel test was conducted using 1 mL petroleum ether, 1 mL absolute ethanol,
and 1 mL ammonia added to 1 mL of 10% PIF solution, which were mixed by vibration
to resuspend the precipitate. DNA was extracted according to Section 2.2 “Preparation
of bacterial DNA”. The universal primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and
806R (5′-GGACTACHVGGGTATCTAAT-3′) of bacterial 16S rRNA sequence were used to
amplify the DNA according to the PCR amplification reaction system and the conditions
of Guo et al. [34]. The PCR amplification products were sequenced, and the results were
aligned with the C. sakazakii sequence from GenBank. Comparison of the PCR amplification
products sequences showed no homology with C. sakazakii sequences, confirming there was
no growth of C. sakazakii colonies on the DFI agar plate and no C. sakazakii in the 10% PIF
solution, allowing it to be used as a sample for artificial quantitative addition of C. sakazakii.

The specific operation of the artificial quantitative addition of C. sakazakii was as
follows: Firstly, C. sakazakii BPW suspension was concentrated. 10 mL of C. sakazakii BPW
suspension (incubated at 37 ◦C for 18 h) were centrifuged (13,523× g, 2 min); 1 mL of
sterile water was added to the tube and vibration-mixed into a concentrated suspension
of the initial C. sakazakii, which was added to 9 mL of 10% PIF solution. Next, a 1 mL
viable C. sakazakii suspension from the 10 mL of 10% PIF solution was sampled and serially
diluted (ten times) before plate counting. Next, 1 mL serially diluted solutions were placed
in 5.0 mL sterile centrifuge tubes, and 1 mL petroleum ether, 1 mL absolute ethanol, and
1 mL ammonia were added to the solution, which was vibration-mixed to resuspend the
sediment. The obtained sample suspensions were centrifuged (13,523× g, 2 min). After
discarding the supernatant, 1 mL of sterile water was added to each centrifuge tube, which
was vibrated to resuspend the sediment. Finally, serially diluted suspensions of viable
C. sakazakii ATCC 29544 were treated with PMA, centrifuged, and collected. A series
of DNA lysates (100 µL, boiling water bath method) were detected in triplicates with
QLAMP. The average Ct value was calculated by averaging three Ct values to determine
the PMA-QLAMP detection limit using artificially added viable C. sakazakii ATCC 29544
to PIF.

2.5. Pasteurization-Induced Preparation of the VBNC State of C. sakazakii

C. sakazakii strain was activated once in BPW medium at 37 ◦C for 18 h, and subcul-
tured twice under the same conditions. After being activated once and subcultured twice,
C. sakazakii was cultured for 18 h at 37 ◦C in BPW culture medium. At this time, the bacteria
is in an exponential growth period. It can be considered that the bacteria in this period are
almost all viable bacteria. The viable C. sakazakii concentration can be accurately obtained
by DFI agar plate counting. Seven centrifuge tubes containing 10% PIF were prepared.
Subsequently, 1 mL viable C. sakazakii suspension was added into each tube containing
10% PIF to generate serially diluted (107 CFU/mL to 101 CFU/mL) concentrations. A total
of nine replicates were obtained for each heated group (65 ◦C, 30 min), with non-heat-
treated viable C. sakazakii suspension as the control group (three replicates in each group).
Next, the centrifuge tubes were placed on ice for immediate cooling, following which
the viable C. sakazakii concentration in each heat-treated and non-heat-treated suspension
was measured via DFI agar plate counting (three replicates in each group). At the same
time, the bacterial suspensions were treated with PMA (three replicates in each group) and
without PMA as the control group (three replicates in each group). DNA was extracted
from bacterial suspension (boiling water bath method), and the upper lysate was used as a
template for QLAMP detection and analysis.

2.6. Changes in the Number of Viable C. sakazakii in Raw Milk Samples before and after Pasteurization

The numbers of viable C. sakazakii in 60 raw milk samples (these samples were pas-
teurized, while non-sterilized raw milk samples were used as a control) obtained from
individual dairy farmers in Hebei Province, China, were estimated using DFI agar plate
counting and PMA-QLAMP methods. With respect to the plate counting method, 1 mL of
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sample was evenly mixed with approximately 20 mL of sterilized solid DFI agar medium,
which was unsolidified (water bath was maintained at 45 ◦C) and cultured at 36 ◦C for
24 h after the medium was solidified (three parallel tests were conducted at the same time).
Next, 1 mL each of the raw milk sample before and after pasteurization was collected in
two 5.0 mL sterile centrifuge tubes, respectively, following which 1 mL anhydrous ethanol,
1 mL ammonia, and 1 mL petroleum ether were added into each 5.0 mL sterile centrifuge
tube. Each centrifuge tube was vibrated to resuspend the sediment, and the obtained
suspension was centrifuged (13,523× g, 2 min). The supernatant was discarded, and 1 mL
of sterile water was added. Each centrifuge tube was vibrated to resuspend the sediment
and treated with PMA. The DNA was extracted (boiling water method) three times from
each sample, and QLAMP was detected in two of the three DNA samples. Plate counting
and PMA-QLAMP methods were used to compare and analyze the count changes of viable
C. sakazakii in raw milk samples before and after pasteurization.

2.7. Statistical Analysis

SPSS 17.0 was used to carry out the three factor and three level design of the orthogonal
experiment, and Excel 2007 was used to calculate the average value to analyze the results of
the orthogonal experiment. Excel 2007 was used to calculate the mean value and standard
deviation of the quantitative detection results of C. sakazakii VBNC state, and the data results
were shown as mean ± standard deviation. All experiments were repeated three times.

3. Results
3.1. Determination of PMA Optimal Treatment Conditions

After heating each 1 mL suspension of C. sakazakii in a water bath at 100 ◦C for 0, 1, 2,
4, 6, 7, 8, and 9 min, respectively, plate counting revealed that the concentration of viable
C. sakazakii was 4.5 × 108, 2.3 × 106, 1.2 × 106, 4.8 × 103, 1.7 × 102, 6.0 × 100, <1, and
<1 CFU/mL, respectively. After heat treatment of 108 CFU/mL C. sakazakii suspension for
8 min, no colonies grew on the plate, indicating sterilization. Therefore, 8 min was the heat
death time of the 108 CFU/mL C. sakazakii suspension.

K1 was the average value of the inhibition rate under PMA treatment conditions of
level 1 (PMA working concentration was 3 µg/mL, dark reaction time was 3 min, exposure
time was 3 min). K2 was the average value of the inhibition rate under PMA treatment
conditions of level 2 (PMA working concentration was 5 µg/mL, dark reaction time was
5 min, exposure time was 5 min). K3 was the average value of the inhibition rate under
PMA treatment conditions of level 3 (PMA working concentration was 10 µg/mL, dark
reaction time was 10 min, exposure time was 10 min). R was the maximum value minus
the minimum value of the average inhibition rate under each PMA treatment factor (the
three factors were PMA working concentration, dark reaction time, and exposure time,
respectively). Table 2 shows that the inhibition rate of group 8 test results was 99.98%. This
shows that it not only had the highest inhibition rate among the nine groups of test results
but also had no effect on the amplification of viable C. sakazakii DNA. The combination of
factors and levels corresponding to this result was A3B2C1. The best treatment conditions
(final PMA concentration, reaction time in the dark, and exposure time) were 10 µg/mL,
5 min, and 3 min, respectively.

3.2. Determination of Species-Specific Gene Sequences of C. sakazakii

Figure 1 showed that the phylogenetic tree was constructed by the gyrB gene of
C. sakazakii and its related species. The tree was divided into four main branches: clade I
(only C. sakazakii one species), clade II (consisted of five species: Franconibacter helveticus,
Franconibacter pulveris, Leclercia adecarboxylata, Klebsiella aerogenes, and Enterobacter cloacae
complex sp.), clade III (consisted of four species: Cronobacter turicensis, Cronobacter condiment
i Cronobacter dublinensis subsp. Lausannensis and Cronobacter universalis), and the outgroup
(consisted of two species: Cronobacter malonaticus and Cronobacter muytjensii). In this case,
10 strains of C. sakazakii were clustered on a branch with a 92% bootstrap value, which
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differs from other species in this phylogenetic tree, indicating that the gyrB sequence of
C. sakazakii showed high intraspecific homology and interspecific specificity, suitable for
designing PMA-QLAMP primers.

Table 2. Results of L9 (34) orthogonal experiment.

Test Number

Factors

A B C
Empty

Column
Inhibition Rate

(%)PMA Working
Concentration (µg/mL)

Time of Dark
Reaction (min)

Time of Exposure
(min)

1 1 1 1 3 99.18
2 1 2 2 1 99.41
3 1 3 3 3 98.75
4 2 1 2 2 99.25
5 2 2 3 1 98.73
6 2 3 1 2 99.32
7 3 1 3 2 99.69
8 3 2 1 3 99.98
9 3 3 2 1 99.07

K1 99.1143601 99.37584556 99.49332454 99.07
K2 99.09920152 99.37205592 99.24320801 99.42132
K3 99.58048636 99.0461465 99.05751543 99.30384
R 0.481284841 0.329699064 0.435809108 0.352437

Note: K1 was the average value of the inhibition rate corresponding to level 1 under 3 factors (A, B, and C); K2
was the average value of the inhibition rate corresponding to level 2 under 3 factors (A, B, and C); K3 was the
average value of the inhibition rate corresponding to level 3 under 3 factors (A, B, and C). R was the maximum
value minus the minimum value of the average inhibition rate (K1, K2, and K3) under each factor (A or B or C).
Factor A: PMA working concentration; factor B: dark reaction time; factor C: exposure time.
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3.3. Verification Results of PMA-QLAMP Specificity

Six C. sakazakii and 24 of non-C. sakazakii strains were used to verify the specificity
of the PMA-QLAMP method. The fluorescence intensity of the PMA-QLAMP reaction
system increases continuously (delta Rn), showing an S-shaped curve, indicating that the
DNA of the C. sakazakii strain was amplified. The fluorescence intensity (delta Rn) of DNA
and blank control of 24 non-C. sakazakii strains remained around 0, indicating that their
DNA (or no DNA) was not amplified (Figure 2(A1,A2)). The melting temperature for
C. sakazakii amplified products with PMA-QLAMP was almost the same, about 86.83 ◦C
(Figure 2(B1,B2)). The lack of melting temperature amplified products of 24 non-C. sakazakii
strains and blank control indicated that no nonspecific amplification reaction and no
pollution occurred during PMA-QLAMP, respectively.
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Figure 2. Specificity verification of PMA-QLAMP method. (A1,A2) Specific amplification curve
of PMA-QLAMP. That was, the C. sakazakii amplification curves of ATCC29544, CICC21561, and
CICC21562 in (A1), CICC21572, CICC24112, and CICC2166 in (A2) all showed S-shaped curves.
The amplification curve of 24 non-C. sakazakii strains and the blank control showed a horizontal
straight line, and the fluorescence intensity (delta Rn) remained at about 0. (B1,B2) Melting curve
of the amplified products PMA-QLAMP. In the temperature range of 70–95 ◦C, i.e., ATCC29544,
CICC21561, and CICC21562 in (B1), CICC21572, CICC24112, and CICC2166 in (B2), the melting curve
of the amplified products of C. sakazakii was unimodal, and the X-axis temperature corresponding
to the highest peak of the curve was the melting temperature. In (B1), the melting temperatures of
C. sakazakii ATCC29544, CICC21561, and CICC21562 were about 86.83, 86.53, and 86.83 ◦C, respec-
tively. In (B2), the melting temperatures of C. sakazakii CICC21572, CICC24112, and CICC2166 were
about 86.83, 86.83, and 86.53 ◦C, respectively. The melting curve of 24 non-C. sakazakii strains and
the blank control were a straight line, respectively. They had no unimodal curve and corresponding
melting temperature.
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3.4. The Detection Limit and Quantitative Range of PMA-QLAMP for Viable C. sakazakii

Viable C. sakazakii ATCC29544 suspensions with concentrations ranging from
4.1 × 108 CFU/mL to 4.1 × 100 CFU/mL (plate count) were used to determine the de-
tection limit of PMA-QLAMP for viable C. sakazakii in pure culture. PMA-QLAMP detected
every 10 dilutions of C. sakazakii DNA as a template. It can be seen from the amplification
curve in Figure 3A. CT values corresponding to 10 series of dilution concentrations were
obtained. The average Ct values were calculated by repeatedly measuring Ct values for
each gradient three times; the Ct values of each serial dilution were 10.61, 12.52, 15.53,
18.96, 21.97, 24.24, 28.12, and 34.28 min, respectively. Took the average Ct values as the
ordinate and the logarithm of C. sakazakii concentration (log10 CFU/mL, i.e., l g CFU/mL),
corresponding to the DNA template as the abscissa to draw the standard curve as shown
in Figure 3B. The linear equation was as follows:

y = −2.9428x + 35.358.

It can be seen from the standard curve that R2 = 0.9952 > 0.99 means that the equation
had a good linear relationship. The logarithm of viable C. sakazakii concentration was in
the range of 8.61–2.61, which meant that accurate quantification could be carried out. The
detection limit of PMA-QLAMP for viable C. sakazakii was 4.1 × 102 CFU/mL in pure
culture, and the quantitative range was 4.1 × 108–4.1 × 102 CFU/mL CFU/mL.

PMA-QLAMP detection limit for viable C. sakazakii ATCC29544 added in the 10% PIF
solution with concentrations (plate count) ranging from 4.3 × 108 to 4.3 × 100 CFU/mL
was determined. Average Ct values of the dilutions were 9.80, 12.08, 15.77, 18.15, 22.36,
24.22, 27.69, and 34.00 min. The Ct values (13.08, 16.77, 19.15, 22.36, 24.22, and 27.69 min)
were determined using the standard curve; all remained within the accurate quantitative
range (10.61–28.12 min). The corresponding concentration of C. sakazakii at the maximum
quantitative Ct value (27.69 min) was 4.3 × 102 CFU/mL. PMA-QLAMP detection limit for
viable C. sakazakii in the 10% PIF solution was 4.3 × 102 CFU/mL.

3.5. Quantitative Detection Results of C. sakazakii VBNC State

A series of diluted viable C. sakazakii concentrations in 10% PIF solution were detected
using QLAMP. Before pasteurization, the measured values of the serial concentrations of
viable C. sakazakii were expressed by logarithm viable C. sakazakii concentrations, and the
mean ± standard deviation (Table 3), which were 7.64 ± 0.02, 6.67 ± 0.04, 5.72 ± 0.01,
4.8 ± 0.03, 3.87 ± 0.02, 2.8 ± 0.02, and 1.76 ± 0.04, respectively. Following pasteurization at
65 ◦C for 30 min, the series of diluted viable C. sakazakii concentrations in 10% PIF solution
were measured by plate counting. At 104 CFU/mL, the logarithm of bacterial concentration
was 0, the corresponding logarithm of bacterial number detected by PMA-QLAMP was
2.93, and the logarithm of bacterial number detected by PMA-QLAMP at 102 CFU/mL
was 0. At 106 CFU/mL, the highest proportion of VBNC state of C. sakazakii was 15.32%.
The results showed that pasteurization of 106 CFU/mL of viable C. sakazakii resulted in the
largest ratio of viable C. sakazakii entering the VBNC state. By contrast, pasteurization of
<102 CFU/mL viable C. sakazakii did not trigger the C. sakazakii VBNC state.

3.6. Quantitative Detection Results of Viable C. sakazakii in Raw Milk Samples

Sixty samples of bulk raw milk from individual dairy farmers in Hebei Province
were evaluated using the DFI agar plate counting method. The results showed that vi-
able C. sakazakii was not detected. PMA-QLAMP was used to detect viable C. sakazakii
numbers of positive samples in bulk raw milk before pasteurization. The PMA-QLAMP
detection rate of samples positive for viable C. sakazakii reached 13% (Table 4). Ct values
ranged between 24.24 and 28.12, and PMA-QLAMP accurately and quantitatively detected
that the concentrations of viable C. sakazakii in three raw milk samples ranged between
4.3 × 103 and 4.3 × 102 CFU/mL. The concentration of viable C. sakazakii in five raw milk
samples detected by MA-QLAMP ranged between 4.3 × 102 and 4.3 ×100 CFU/mL, with
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Ct values between 28.12 and 40, indicating low C. sakazakii concentrations with the range of
uncertainty. Following pasteurization, PMA-QLAMP did not detect viable C. sakazakii in
the 60 raw milk samples. This indicated that low concentrations of viable C. sakazakii had
not formed any C. sakazakii in the VBNC state following pasteurization.
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Figure 3. The quantitative detection limit and linear relationship of PMA-QLAMP for 10 series of
dilution concentrations of viable C. sakazakii. (A) A 10-point C. sakazakii suspension serial dilution
led to concentrations ranging from 4.1 × 108 to 4.1 × 102 CFU/mL, with average Ct values of 10.61,
12.52, 15.53, 18.96, 21.97, 24.24, 28.12, and 34.28 min, respectively. The interval (about 3 min) was the
same and uniform between every two adjacent Ct values. For C. sakazakii suspension concentrations
of 4.1 × 102 and 4.1 ×101 CFU/mL, the Ct values were 28.12 and 34.28 min, respectively. The interval
(6.16 min) became significantly larger between 28.12 and 34.28 min. (B) Draw a standard curve. From
the standard curve, there was a linear relationship (y = −2.9428x + 35.358, R2 = 0.9952) between Ct
values (10.61–28.12 min) and log concentrations (no. 7–1: 8.61, 7.61, 6.61, 5.61, 4.61, 3.61, and 2.61,
respectively) of viable C. sakazakii.
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Table 3. Formation of C. sakazakii VBNC state during pasteurization.

Serial Dilutions of Viable C. sakazakii
before Pasteurization (CFU/mL)

LG CFU/mL VBNC State of C. sakazakii
Formation Ratio (%)QLAMP Plate Count PMA-QLAMP

107 7.64 ± 0.02 5.73 ± 0.04 6.28 ± 0.04 3.11
106 6.67 ± 0.04 3.83 ± 0.03 5.86 ± 0.03 15.32
105 5.72 ± 0.01 2.32 ± 0.04 4.80 ± 0.02 11.91
104 4.8 ± 0.03 0 2.93 ± 0.01 1.38
103 3.87 ± 0.02 0 1.08 ± 0.03 0.16
102 2.8 ± 0.02 0 0 0
101 1.76 ± 0.04 0 0 0

Table 4. PMA-QLAMP test results of viable C. sakazakii in raw milk before and after pasteurization.

Range of Ct
Values (min)

Range of Viable
Bacterial Concentration

(CFU/mL)

Number of Positive Samples of Viable
C. sakazakii in Raw Milk Detected by

PMA-QLAMP
Positive Detection Rate

of PMA-QLAMP (%)
Before Pasteurization After Pasteurization

>24.24 and <28.12 <4.3 × 103 and >4.3 × 102 3 0
13.33>28.12 and <34.28 <4.3 × 102 and >4.3 × 101 2 0

>34.28 and <40 <4.3 × 101 and >4.3 × 100 3 0

4. Discussion

In this study, the optimized PMA treatment conditions (PMA working concentration
of 10 µg/mL, dark reaction time of 5 min, exposure time of 3 min) inhibited the DNA
amplification of 108 CFU / mL dead cells of C. sakazakii, while the DNA amplification
of viable C. sakazakii was not affected by QLAMP, and the amplification efficiency of
QLAMP was 119%. The results were consistent with of Liu et al. [35], who found that PMA
completely inhibited PCR amplification of E. sakazakii with a minimum PMA concentration
of 5 µg/mL, and the maximum PMA concentration that did not inhibit PCR amplification
of viable E. sakazakii was 15 µg/mL. Therefore, the orthogonal test with a reasonable
design of key factors and levels can accurately and quickly complete the optimization of
PMA treatment conditions with the least testing.

As an important molecular marker, the gyrB gene sequence is a conservative house-
keeping gene helpful for bacterial phylogenetic analyses [36]. The single copy number
of nuclear genomic DNA is small and relatively constant compared with other genes, so
that it can be accurately and stably detected [37]. Ma et al. [38] constructed a plasmid
standard sample with the gyrB gene of C. sakazakii as the target sequence, and the plasmid
was stable after 15 passages. In this study, primers were designed according to the specific
sequence of C. sakazakii gyrB species. The analysis of gene sequences from the biological
evolutionary tree and the detection of actual strains showed that the gyrB gene sequence
of C. sakazakii could be distinguished and identified at the species level. Chen et al. [39]
sequenced the gyrB gene sequence (1066 bp) of C. sakazakii and found that using this part of
the sequence it was easier to isolate and distinguish C. sakazakii than with the 16S rRNA
sequence. Therefore, the gyrB gene is a DNA target suitable for quantitative molecular
detection of C. sakazakii.

Many stress factors may cause pathogenic bacteria to enter the VBNC state during the
production, processing, and storage of milk and dairy products. Suliantari and Dewanti [40]
found that C. sakazakii was induced to enter VBNC conditions (i.e., 1/10 tryptic soy agar
and stainless-steel pipeline transportation), affecting the production and processing of
milk powder. Jiang et al. [41] studied the survival rate of C. sakazakii under temperature
conditions utilized for milk powder preparation. The results showed that some C. sakazakii
strains could maintain certain activities under a preparation temperature of 65 ◦C and
enter the VBNC state. Gunasekera et al. [42] observed cell subsets in the VBNC state in
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pasteurized fresh milk and further reported that although a large number of cells could not
form colonies due to heat treatment, they still displayed measurable metabolic activities,
including gene transcription and translation, even remaining pathogenic. Entering the
VBNC state is a survival mechanism evolved by bacteria under environmental pressure.
Since bacteria in the VBNC state are nonculturable, methods to detect and identify such
bacteria have attracted extensive attention. Yang et al. [43] reported that E. sakazakii was
isolated from Tetra Pak pure milk. It can be seen that there is still a risk of E. sakazakii
contamination in liquid milk after pasteurization. Zheng et al. [44] found that the heat
tolerance of each strain of C. sakazakii was different, which makes the time required for
inactivation of C. sakazakii with a concentration of 107 CFU/mL at 60 ◦C different. However,
they did not test for a VBNC state. In this study, a PMA-QLAMP-based detection technology
was used to quantitatively monitor C. sakazakii concentrations, indicating that pasteurization
of 106 CFU/mL C. sakazakii induced the largest proportion of C. sakazakii in the VBNC state.

At present, the commonly used methods for the detection of viable strains of
Cronobacteria sakazakii are the culture method, and DNA binding dye and nucleic acid
aptamer binding molecular detection methods, etc. Yuan et al. [45] established a biosensor
based on RT-PCR for the electrochemical detection of viable C. sakazakii with a sensitivity
of 7.68 × 103 CFU/mL and at 2.4 × 107 CFU/mL–3.84 × 104 CFU/mL range for accurate
quantification. Based on the aptamer ribozyme, a visual and rapid detection method for
the viable strain of C. sakazakii was established with a sensitivity of 1.2 CFU/mL. Cao
et al. [19] found that in the early or middle stage of milk fermentation, when inoculated
with C. sakazakii, C. sakazakii could not be detected by the plate counting method in the
later stage of fermentation but established that PMA-qPCR technology could detect the
presence of viable C. sakazakii, indicating that C. sakazakii entered a VBNC state after milk
fermentation. In this study, the detection limit of PMA-QLAMP for viable C. sakazakii
was 4.1 × 102 CFU/mL in pure culture and 4.3 × 102 CFU/mL in the 10% PIF solution
and the base material of C. sakazakii growth has almost no effect on the detection limit of
PMA-QLAMP.

5. Conclusions

The PMA-QLAMP method established by the gyrB gene of C. sakazakii single-copy
species-specific sequence design primers has strong specificity and high sensitivity. It can
accurately quantify C. sakazakii viable bacteria with a range of 4.1 × 108–4.1 × 102 CFU/mL.
The quantitative determination of viable C. sakazakii, including the VBNC state of C. sakazakii,
obtains a more accurate detection result of viable bacteria than the traditional culture
method of DFI plate counting. It is a specific, sensitive, accurate, and reliable detection
method of C. sakazakii VBNC state in pasteurized raw milk, and provides an early warning
of potential contamination of PIF.

Author Contributions: Conceptualization, L.H., W.Z. and S.W.; methodology, L.H., W.Z. and S.W.;
software, L.H. and S.Z.; validation, L.H., S.Z. and Y.X.; investigation, L.H.; resources, Y.Z.; data
analysis, L.H. and S.Z.; writing—original draft preparation, L.H.; writing—review and editing,
S.W.; project administration, S.W. All authors have read and agreed to the published version of the
manuscript. Y.Z. and Y.X. as one of the participants in these projects, S.W. is a professor at Hebei
University of Science and Technology, and also works part-time at Junlebao Dairy Group Co., Ltd.
(Shijiazhuang, China), all of whom participated in the experimental design.

Funding: This study was funded by the national key R&D plan of China (grant number 2018YFC1604305),
the S&T Program of Hebei (grant numbers 205676108H), and the Key Research and Development
Projects of Shijiazhuang (grant number 211170212A). Junlebao Dairy Group Co., Ltd. has hosted and
cooperated with us on these projects and provided materials/equipment and funds for the project.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Foods 2022, 11, 2653 15 of 16

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: This research was funded by the national key R&D plan of China (grant number
2018YFC1604305), the S&T Program of Hebei (grant numbers 205676108H), and the Key Research
and Development Projects of Shijiazhuang (grant number 211170212A). Junlebao Dairy Group Co.,
Ltd. has hosted and cooperated with us on these projects and provided materials/equipment and
funds for the project. Yaoguang Zhang and Yuling Xue as one of the participants in these projects,
Shijie Wang is a professor at Hebei University of Science and Technology, and also works part-time at
Junlebao Dairy Group Co., Ltd. all of whom participated in the experimental design.

References
1. Iversen, C.; Lehne, R.; Mullane, N.; Bidlas, E.; Cleenwerck, I.; Marugg, J.; Fanning, S.; Stephan, R.; Joosten, H. The taxonomy of

Enterobacter sakazakii: Proposal of a new genus Cronobacter gen. nov. and descriptions of Cronobacter sakazakii subsp. sakazakii,
comb. nov., Cronobacter sakazakii subsp. malonaticus subsp. nov., Cronobacter turicensis sp. nov., Cronobacter muytjensii sp. nov.,
Cronobacter dublinensis sp. nov. and Cronobacter genomospecies 1. BMC Evol. Biol. 2007, 7, 7–64. [CrossRef]

2. Zhang, S.; Xiong, J.; Lou, W.; Ning, Z.; Zhang, D.; Yang, J. Inhibition of Cronobacter sakazakii in reconstituted infant formula
using triglycerol monolaurate and its effect on the sensory properties of infant formula. Int. J. Food Microbiol. 2020, 320, 108518.
[CrossRef]

3. Feeney, A.; Kropp, K.A.; O’Connor, R.; Sleator, R.D. Cronobacter sakazakii: Stress survival and virulence potential in an opportunistic
foodborne pathogen. Gut Microbes 2014, 5, 711–718. [CrossRef] [PubMed]

4. Kucerova, E.; Joseph, S.; Forsythe, S. The Cronobacter genus: Ubiquity and diversity. Qual. Assur. Saf. Crops Foods. 2011, 3, 104–122.
[CrossRef]

5. Enem, S.I.; Ogbu, C.O.; Okoli, C.E.; Godwin, E.; Omeiza, G.K.; Umeakuana, P.U. Detection and molecular characterization of
Cronobacter sakazakii isolated from powdered infant formula (PIF) from north central region, Nigeria. Adv. Microbiol. 2020, 10,
307–317. [CrossRef]

6. Fakruddin, M.; Rahaman, M.M.; Hossain, M.N.; Ahmed, M.M. Induction and resuscitation of Cronobacter sakazakii into viable but
non-culturable state at low temperature in water microcosm. Asian J. Biol. Sci. 2008, 10, 64–71. [CrossRef]

7. Jameelah, M.; Dewanti-Hariyadi, R.; Nurjanah, S. Expression of rpoS, ompA and hfq genes of Cronobacter sakazakii strain Yrt2a
during stress and viable but nonculturable state. Food Sci. Biotechnol. 2018, 27, 915–920. [CrossRef]

8. Lang, E.; Guyot, S.; Alvarez-Martin, P.; Perrier-Cornet, J.M.; Gervais, P. Caco-2 invasion by Cronobacter sakazakii and Salmonella
enterica exposed to drying and heat treatments in dried state in milk powder. Front. Microbiol. 2017, 8, 1893. [CrossRef]

9. Breeuwer, P.; Lardeau, A.M.; Peterz, M.; Joosten, H.M. Desiccation and heat tolerance of Enterobacter sakazakii. J. Appl. Microbiol.
2003, 95, 967–973. [CrossRef]

10. Gurtler, J.B.; Beuchat, L.R. Survival of Enterobacter sakazakii in powdered infant formula as affected by composition, water activity,
and temperature. J. Food Prot. 2007, 70, 1579–1586. [CrossRef]

11. Barron, J.C.; Forsythe, S.J. Dry stress and survival time of Enterobacter sakazakii and other Enterobacteriaceae in dehydrated
powdered infant formula. J. Food Process. Technol. 2007, 70, 2111–2117. [CrossRef] [PubMed]

12. Zhang, J.F.; Wang, L.; Chen, X.; Xie, H.; Cao, X.; Zhao, L.C. A review of viable but nonculturable pathogens in milk and dairy
products. Food Sci. 2019, 40, 300–306. [CrossRef]

13. Fakruddin, M.; Mannan, K.S.; Andrews, S. Viable but nonculturable bacteria: Food safety and public health perspective. Int. Sch.
Res. Not. Microbiol. 2013, 2013, 703813. [CrossRef]

14. Ayrapetyan, M.; Oliver, J.D. The viable but non-culturable state and its relevance in food safety. Curr. Opin. Food Sci. 2016, 8,
127–133. [CrossRef]

15. Beatriz, C.R.; Ruiz-Palacios, G.M.; Ramos-Cervantes, P.; Luis, L.; Ignacio, M.R.; de Velásquez María, T.O. Detection of VBNC
Vibrio cholerae by RT-real time PCR based on differential gene expression analysis. FEMS Microbiol. Lett. 2018, 5, 1–8. [CrossRef]

16. Zhou, A.; Wang, L.; Zhang, J.; Yang, X.; Ou, Z.; Zhao, L. Survival of viable but nonculturable Cronobacter sakazakii in macrophages
contributes to infections. Microb. Pathog. 2021, 158, 105064. [CrossRef] [PubMed]

17. Chen, Z.J.; Wei, M.; Lin, G.; Chen, Y.; Liang, S.; Zhang, B. Application of PMA-qPCR in enumerating living microbes in fermented
foods. Food Ferment. Ind. 2019, 45, 242–248. [CrossRef]

18. Deshmukh, R.; Bhand, S.; Roy, U. A novel method for rapid and sensitive detection of viable Escherichia coli cells using UV-induced
PMA-coupled quantitative PCR. Braz. J. Microbiol. 2020, 51, 773–778. [CrossRef]

19. Cao, Y.F.; Zhou, A.L.; Bai, H.; Yu, Y.G.; Xiao, X.L. Formation of viable but nonculturable state of Cronobacter sakazakii during milk
fermentation. Mod. Food Sci. Technol. 2022, 38, 56–62+124.

20. Lv, X.R.; Wang, L.; Zhang, J.F.; He, X.X.; Shi, L.; Zhao, L.C. Quantitative detection of trace VBNC Cronobacter sakazakii by
immunomagnetic separation in combination with PMAxx-ddPCR in dairy products. Food Microbiol. 2021, 99, 103831. [CrossRef]

21. Gong, H.Y.; Li, Q.Y.; Zhang, H.; Ye, L.; Feng, Y.H. Development and comparison of qPCR and qLAMP for rapid detection of the
decapod iridescent virus 1 (DIV1). J. Invertebr. Pathol. 2021, 3, 107567. [CrossRef] [PubMed]

http://doi.org/10.1186/1471-2148-7-64
http://doi.org/10.1016/j.ijfoodmicro.2020.108518
http://doi.org/10.4161/19490976.2014.983774
http://www.ncbi.nlm.nih.gov/pubmed/25562731
http://doi.org/10.1111/j.1757-837X.2011.00104.x
http://doi.org/10.4236/aim.2020.107022
http://doi.org/10.3923/ajbs.2017.64.71
http://doi.org/10.1007/s10068-018-0313-5
http://doi.org/10.3389/fmicb.2017.01893
http://doi.org/10.1046/j.1365-2672.2003.02067.x
http://doi.org/10.4315/0362-028X-70.7.1579
http://doi.org/10.4315/0362-028X-70.9.2111
http://www.ncbi.nlm.nih.gov/pubmed/17900090
http://doi.org/10.7506/spkx1002-6630-20171022-233
http://doi.org/10.1155/2013/703813
http://doi.org/10.1016/j.cofs.2016.04.010
http://doi.org/10.1093/femsle/fny156
http://doi.org/10.1016/j.micpath.2021.105064
http://www.ncbi.nlm.nih.gov/pubmed/34171399
http://doi.org/10.13995/j.cnki.11-1802/ts.020207
http://doi.org/10.1007/s42770-019-00161-8
http://doi.org/10.1016/j.fm.2021.103831
http://doi.org/10.1016/j.jip.2021.107567
http://www.ncbi.nlm.nih.gov/pubmed/33711317


Foods 2022, 11, 2653 16 of 16

22. Tsugunori, N.; Hiroto, O.; Harumi, M.; Toshihiro, Y.; Keiko, W.; Nobuyuki, A.; Tetsu, H. Loop-mediated isothermal amplification
of DNA. Nucleic Acids Res. 2000, 28, E63. [CrossRef]

23. Hu, L.X.; Xue, Y.L.; Cui, L.R.; Zhang, D.; Feng, L.L.; Zhang, W.; Wang, S.J. Detection of viable Lacticaseibacillus paracasei in
fermented milk using propidium monoazide combined with quantitative loop-mediated isothermal amplification. FEMS
Microbiol. Lett. 2021, 368, fnab148. [CrossRef]

24. Nocker, A.; Cheung, C.Y.; Camper, A.K. Comparison of propidium monoazide with ethidium monoazide for differentiation of
live vs. dead bacteria by selective removal of DNA from dead cells. J. Microbiol. Methods 2006, 67, 310–320. [CrossRef] [PubMed]

25. Liu, Y.; Zhong, Q.; Wang, J.; Lei, S. Enumeration of Vibrio parahaemolyticus in VBNC state by PMA-combined real-time quantitative
PCR coupled with confirmation of respiratory activity. Food Control 2018, 91, 85–91. [CrossRef]

26. Petersen, M.; Ma, L.; Lu, X. Rapid determination of viable but non-culturable Campylobacter jejuni in food products by loop-
mediated isothermal amplification coupling propidium monoazide treatment. Int. J. Food Microbiol. 2021, 351, 109263. [CrossRef]

27. Wan, C.; Yang, Y.J.; Xu, H.Y.; Aguilar, Z.P.; Liu, C.; Lai, W.; Xiong, Y.; Xu, F.; Wei, H. Development of a propidium monoazide
treatment combined with loop-mediated isothermal amplification (PMA-LAMP) assay for rapid detection of viable Listeria
monocytogenes. Int. J. Food Sci. Technol. 2012, 47, 2460–2467. [CrossRef]

28. An, R.; Yi, T.Y.; Xiao, Q.M.; Deng, Z.N. Application of gyrB gene in bacterial classification and detection. Acta Agric. Jiangxi 2010,
22, 18–20. [CrossRef]

29. Wang, L.J.; Tan, Q.L.; Zhu, J.; Chen, Q.; Li, P.; Ye, R.S.; Xu, F.; Wei, H.; Xu, H.Y. Development of PMA-qPCR assay for rapid and
accurate detection of viable Lactobacillus paracasei in fermented dairy products. Chin. J. Microecol. 2013, 25, 1–4. [CrossRef]

30. Zhang, Q.P.; Zhang, Y.X.; Liu, Y. Influence of incubated enrichment of Enterobacter sakazakii in infant milk powder on the PCR
rapid detection. Dairy Ind. 2021, 49, 9–12. [CrossRef]

31. GB 4789.2-2016; National Standard for Food Safety—Microbiological Examination of Food—Determination of Total Bacterial
Count. State Food and Drug Administration, State Health and Family Planning Commission: Beijing, China. Available online:
https://www.chinesestandard.net/PDF.aspx/GB4789.2-2016 (accessed on 6 January 2021).

32. Van Frankenhuyzen, J.K.; Trevors, J.T.; Lee, H.; Flemming, C.A.; Habash, M.B. Molecular pathogen detection in biosolids with
a focus on quantitative PCR using propidium monoazide for viable cell enumeration. J. Microbiol. Methods 2011, 87, 263–272.
[CrossRef] [PubMed]

33. Lv, X.C.; Li, Y.; Qiu, W.W.; Wu, X.Q.; Xu, B.X.; Liang, Y.T.; Liu, B.; Chen, S.J.; Rao, P.F.; Ni, L. Development of propidium monoazide
combined with real-time quantitative PCR (PMA-qPCR) assays to quantify viable dominant microorganisms responsible for the
traditional brewing of Hong Qu glutinous rice wine. Food Control 2016, 66, 69–78. [CrossRef]

34. Guo, M.J.; Wu, F.H.; Hao, G.G.; Qi, Q.; Li, R.; Li, N.; Wei, L.M.; Chai, T.J. Bacillus subtilis improves immunity and disease
resistance in rabbits. Front. Immunol. 2017, 8, 354. [CrossRef] [PubMed]

35. Liu, Y.Y.; Liu, Z.S.; Lu, S.Y.; Ren, H.L.; Ge, D.X.; Cui, C.; Ding, Y.X.; Meng, X.M.; Yu, S.Y. Establishment of PMA-PCR method for
detection of viable Enterobacter sakazakii in sterilized milk. China Anim. Husb. Vet. Med. 2014, 41, 65–69.

36. Dauga, C. Evolution of the gyrB gene and the molecular phylogeny of Enterobacteriaceae: A model molecule for molecular
systematic studies. Int. J. Syst. Evol. Microbiol. 2002, 52, 531–547. [CrossRef] [PubMed]

37. Debray, K.; Marie-Magdelaine, J.; Ruttink, T.; Clotault, J.; Foucher, F.; Malécot, V. Identification and assessment of variable
single-copy orthologous (SCO) nuclear loci for low-level phylogenomics: A case study in the genus Rosa (Rosaceae). BMC Evol.
Biol. 2019, 19, 152. [CrossRef]

38. Ma, Y.R.; Wang, H.; Fan, H.X.; Zhao, H.Y.; Lu, X.A.; Gao, X.F.; Kang, W.Y. Preparation of Cronobacter DNA plasmid reference
material and its application in the detection of infant formula. Food Sci. 2022, 8, 1–14.

39. Chen, W.Y.; Ai, L.Z.; Ren, J.; Mu, H.P. The gyrB gene sequence analysis for phylogenetic analysis of Cronobacter sakazakii from
infant formula powder. Food Sci. Technol. 2013, 38, 40–44. [CrossRef]

40. Suliantari, Y.; Dewanti, H.R. Cronobacter sakazakii enters viable but nonculturable state during biofilm formation. J. Teknol. Ind.
Pangan 2016, 27, 140–147. [CrossRef]

41. Jiang, C.L.; Shu, C.; Li, L. Progress of immunoregulation effect of Astragalus polysaccharides. Sci. Technol. Food Ind. 2013, 34,
122–126. [CrossRef]

42. Gunasekera, T.S.; Sørensen, A.; Attfield, P.V.; Sørensen, S.J.; Veal, D.A. Inducible gene expression by nonculturable bacteria in
milk after pasteurization. Appl. Environ. Microbiol. 2002, 68, 1988–1993. [CrossRef]

43. Yang, Y.H.; Ma, Q.F.; Wang, J.X. Spoilage of tetra pak pure milk caused by Enterobacter sakazakii and its hygienic significance. Chin.
J. Health Labor. Technol. 2002, 12, 699. [CrossRef]

44. Zheng, J.; Wei, D.Q.; Huang, X.R.; Chen, B.; Tang, M.Y.; Huang, C.J. Study on biologic characteristics of Enterobacter sakazakii
isolated from liquid milk. Food Sci. Technol. 2007, 12, 50–53. [CrossRef]

45. Yuan, Y.Y. Detection method of viable Cronobacter sakazakii; Shanghai University: Shanghai, China, 2020. [CrossRef]

http://doi.org/10.1097/RLU.0b013e3181f49ac7
http://doi.org/10.1093/femsle/fnab148
http://doi.org/10.1016/j.mimet.2006.04.015
http://www.ncbi.nlm.nih.gov/pubmed/16753236
http://doi.org/10.1016/j.foodcont.2018.03.037
http://doi.org/10.1016/j.ijfoodmicro.2021.109263
http://doi.org/10.1111/j.1365-2621.2012.03123.x
http://doi.org/10.19386/j.cnki.jxnyxb.2010.04.006
http://doi.org/10.13381/j.cnki.cjm.2013.01.005
http://doi.org/10.19827/j.issn1001-2230.2021.11.002
https://www.chinesestandard.net/PDF.aspx/GB4789.2-2016
http://doi.org/10.1016/j.mimet.2011.09.007
http://www.ncbi.nlm.nih.gov/pubmed/21963489
http://doi.org/10.1016/j.foodcont.2016.01.040
http://doi.org/10.3389/fimmu.2017.00354
http://www.ncbi.nlm.nih.gov/pubmed/28424690
http://doi.org/10.1099/00207713-52-2-531
http://www.ncbi.nlm.nih.gov/pubmed/11931166
http://doi.org/10.1186/s12862-019-1479-z
http://doi.org/10.13684/j.cnki.spkj.2013.06.040
http://doi.org/10.6066/jtip.2016.27.2.140
http://doi.org/10.13386/j.issn1002-0306.2013.19.074
http://doi.org/10.1128/AEM.68.4.1988-1993.2002
http://doi.org/10.3969/j.issn.1004-8685.2002.06.046
http://doi.org/10.13684/j.cnki.spkj.2007.12.018
http://doi.org/10.27300/d.cnki.gshau.2020.000109

	Introduction 
	Materials and Methods 
	Strains and Culture Conditions 
	Preparation of Bacterial DNA 
	Construction of PMA Treatment Method 
	Selection Time of Heat Killing for C. sakazakii 
	Establishment of PMA Pretreatment System for C. sakazakii 

	Development of the QLAMP Method 
	Screening of Species-Specific Gene Sequences and Design of QLAMP Primers 
	Quantitative LAMP Amplification Reaction 
	Specificity of QLAMP 
	Detection Limit and Quantitative Range of Viable C. sakazakii 

	Pasteurization-Induced Preparation of the VBNC State of C. sakazakii 
	Changes in the Number of Viable C. sakazakii in Raw Milk Samples before and after Pasteurization 
	Statistical Analysis 

	Results 
	Determination of PMA Optimal Treatment Conditions 
	Determination of Species-Specific Gene Sequences of C. sakazakii 
	Verification Results of PMA-QLAMP Specificity 
	The Detection Limit and Quantitative Range of PMA-QLAMP for Viable C. sakazakii 
	Quantitative Detection Results of C. sakazakii VBNC State 
	Quantitative Detection Results of Viable C. sakazakii in Raw Milk Samples 

	Discussion 
	Conclusions 
	References

