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Abstract

The aim of this study was to develop an effective and specific visual method to rapidly detect and identify Vibrio
parahaemolyticus (V. parahaemolyticus) based on the polymerase spiral reaction (PSR). The method utilized only two pairs of
primers designed specifically to target the conserved /h gene sequence of V. parahaemolyticus. Nucleic acid amplification can be
achieved under isothermal conditions using DNA polymerase. The reaction could be accomplished in <40 min with high
specificity and sensitivity. The limits of detection of V. parahaemolyticus in purified genomic DNA and pure culture were 300
fg/uL and 2.4 CFU/mL per reaction, respectively, which were 100-fold more sensitive than with conventional PCR. The model
food samples showed consistent specificity and sensitivity to the pure bacterial culture. With these encouraging results, it is
expected that the novel, effortless and reliable isothermal nucleic acid testing assay developed in this study has potential to be

applied to screening for V. parahaemolyticus in seafood samples.
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Introduction

Vibrio parahaemolyticus is a Gram-negative halophilic bacte-
rium widely found in aquatic environments, including marine
and estuarine, especially in subtropical offshore waters [1, 2].
V. parahaemolyticus is recognized as an invertebrate pathogen
that can be isolated from coastal waters, marine sediments,
shrimps, shellfish, and other soft-shelled crustaceans [3].
Eating raw or undercooked seafood contaminated with this
bacterium is likely to cause acute gastrointestinal infection,
whose symptoms typically include diarrhea, pain, vomiting,
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nausea, abdominal cramps, and low fever. It can also cause
fatal sepsis in people with underlying diseases or in immuno-
compromised individuals [4]. Furthermore, food-borne dis-
eases caused by V. parahaemolyticus infection reached 4.95
million person-times each year in China [5].

Since the last decade, researchers have been engaged in the
development of efficient and cost-effective techniques for path-
ogen detection. To date, many investigations for
V. parahaemolyticus on-site detection have been established,
which include isolated culture, immunological, and molecular
biological methods. The national standard developed by the
United States Food and Drug Administration takes nearly 1
week at present, which makes it difficult to meet the require-
ments for prevention and control in public health emergencies.
ELISA has poor accuracy for cross-reaction and weak sensitiv-
ity. Newly emerging molecular biological methods, such as
extreme PCR, portable buoyancy-driven PCR, and integrated
continuous-flow PCR, have improved efficiency and resolved
the problem of being time consuming, but they require highly
skilled workers and precise apparatus [6—10]. Of these methods,
loop-mediated isothermal amplification (LAMP) has many ad-
vantages, such as high sensitivity, lower limit of detection
(LOD), and simple and inexpensive instruments; however, it
requires complex primer design and it is difficult to control
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the false-positive rate. To overcome the above obstacles, the
purpose of establishing a simple, economical, and visually iden-
tifiable method for V. parahaemolyticus detection is essential.
The polymerase spiral reaction (PSR) was developed in
2015 by Liu et al. [11]. This method combines the advantages
of LAMP without complicated heterotherm apparatus and sim-
ple PCR primer design to realize the rapid and effective detec-
tion of V. parahaemolyticus. More specifically, single PCR
primers (forward primer F and reverse primer B) clearly do
not allow isothermal amplification of the target sequence in a
reaction system with only one Bst DNA polymerase, whereas
the PSR primer only takes sequence N from the target sequence
based on PCR primers and adds this sequence to the 5’ end of
the PCR primers (F and B) to form two composite primers (Ft
and Bt) (Fig. 1a). Ft or Bt first combines with one of the single-
strand DNAs and is extended under the action of DNA poly-
merase. The newly formed double strands are unchained by
betaine and return to single strand. The single strand folds and
is re-extended. Another primer then binds to the newly formed
single strand, which extends, unchains, and folds again, even-
tually forming a series of DNA fragments of different molecular
sizes (Fig. 1). To speed up the reaction, the accelerating primers
LF and LB were designed, which were taken between F and N
and between B and N, and the direction of LF and LB from 5’
end to 3’ end is opposite to that of Ft and Bt, respectively. They
are also complementary to the DNA single strand and acceler-
ate the extension process, so that the whole reaction can be
completed within 40 min. Thus, a simple heating facility such
as a water bath is sufficient to implement the PSR requirements,
eliminating costly thermal cycle instrumentation. PSR products
can quickly be substantiated through visualization of the turbid-
ity change of the mixture, real-time fluorescence monitoring,
and hydroxynaphthol blue (HNB) chromogenic dye.
Afterwards, these results can be confirmed by 1% agarose gel
electrophoresis, which shows a characteristic DNA ladder in

Fig. 1 (a—d) Schematic diagram of PSR amplification
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positive samples, while the negative controls have an absence
of this fragmentation. In terms of sensitivity, specificity, and
LOD, our PSR method was found to be 100-fold more sensitive
than conventional PCR. PSR conforms to detection technology
development criteria put forward by the World Health
Organization: ASSURED [12], which includes affordable, sen-
sitive, specific, user-friendly, robust and rapid, equipment-free,
deliverable, and they provide strong technical support for real-
time detection and on-site diagnostic procedures [13].

Materials and methods
Materials and apparatus

Considering amplification efficiency and cost, Bst 2.0 WarmStart
DNA polymerase (New England BioLabs, Ipswich, MA, USA)
was selected for PSR. (NH4),S0,, KCl, MgSOy,, and NaCl were
purchased from Sinopharm (Beijing, China). HNB and Tween
20 were purchased from Macklin (Shanghai, China) and
DingGuo Changsheng (Beijing, China), respectively. Tris HCI
and betaine were obtained from Sigma (St. Louis, MO, USA).
Tryptone, agar powder, yeast extract, and agarose were procured
from Oxoid (Basingstoke, UK). EvaGreen was obtained from
YeSen (Shanghai, China). dNTP and DL1,000 DNA Marker
were purchased from TAKARA (Kusatsu, Japan). 4S Red
Plus, PCR amplification kit, and Ezup Column Bacteria
Genomic DNA Purification Kit were obtained from Sangon
(Shanghai, China). Washing buffer (0.01 M phosphate-buffered
solution (PBS), pH = 7.4) was made in our laboratory.

The PCR instrument used for real-time fluorescence quan-
tification (LightCycler 96) was obtained from Roche (Basel,
Switzerland). Electro-heating standing-temperature cultivator
and ordinary PCR instruments were purchased from Life
Technologies (New York, USA). Electrophoresis apparatus
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Table 1 Oligonucleotides used
for the PSRs and PCRs targeting
the t/h gene of

Primer code
sequence

Primer
name

Sequence

V. parahaemolyticus

Primerl VPFT1

VPBTI1

VPLF1
VPLBI1
VPFTI
VPBTI1
VPLF1
VPLBI1
VPFT1
VPBTI1
VPLF1
VPLBI1
VPFT1
VPBTI1
VPLF1
VPLBI1
vpForward

Primer2

Primer3

Primer4

PCR primer
vpReverse

CTGTCACCGAGTGCAACCACTT-AACCACACGATCTG
GAGCA

CTGTCACCGAGTGCAACCACTT-ACCGTTGGAGAAGT
GACCTA

CTGCATTGCTGCGTCGT

GCTTGTCTGATACAGGCAACA
AAGTGGTTGCACTCGGTGACA-GCGAACGAGAACGCAGAC
AAGTGGTTGCACTCGGTGACA-TTAGGGAAGCGCCATTGTG
TCAGCGGCGAAGAACGTAAT
GCTTGTCTGATACAGGCAACA
GTTCTACACCAACACGTCGCCAGATGATCCGGCGACCGAT
GTTCTACACCAACACGTCGCCA-GCGTTCTCGTTCGCCAAAT
TCGTTTTTTGCCCATTCCCA

AACGTTATCCGTCAGCGTTG
CGCAATGCGTGGGTGTACATGT-GGTTTCGTGAACGCGAGT
CGCAATGCGTGGGTGTACATGTGTTGTTGGGTGCGTGACAT
CGGTTGATGTCCAAACAAGGATC
GTGCTGAGAAGTTTGTGTTCTGG
GTAAAGGTCTCTGACTTTTGGAC
TGGAATAGAACCTTCATCTTCACC

and digital gel imaging system were obtained from Tanon
(Shanghai, China). NanoDrop 2000 ultraviolet-visible spec-
trophotometer was obtained from Thermo Scientific (New
York, USA).

Bacterial culture and DNA extraction

The bacteria used in this study were stored in the Department
of Hygienic Inspection, School of Public Health, Jilin
University (Changchun, China) at —80 °C. A pure strain of
Vibrio parahaemolyticus (ATCC17802) was used for prepara-
tion of genomic DNA after incubation in halophilic medium
overnight. Non-V. parahaemolyticus organisms including
Salmonella typhimurium (S. typhimurium, ATCC13311),
Shigella bogdii (S. bogdii, ATCC9207), Escherichia coli
O157:H7 (E. coli O157:H7, ATCC25922), and
Staphylococcus aureus (S. aureus, ATCC49775) were cul-
tured in Luria-Bertani medium at 37 °C for 12—16 h with
shaking at 180 rpm. All of the genomic DNA extractions were
performed by a bacterial genomic DNA purification kit pur-
chased from Sangon Biotech (Shanghai, China). The isolated
DNA was stored at —20 °C until further use.

Primer design

Primers were designed within the conserved region of the #/A
gene (GenBank Accession No. GU971655.1), which specifi-
cally encodes the thermolabile hemolysin in

V. parahaemolyticus and has been widely used as the target
of many PCR and LAMP protocols [14, 15]. After BLAST
sequence alignment in NCBI, four sets of primers specific for
V. parahaemolyticus were designed as previously described
[11]. The primer sequences were synthesized and purified at
Sangon Biotech (Shanghai, China) using HPLC. All nucleo-
tide sequences used in this study are shown in Table 1.

PSR

The optimized reaction was carried out in a final mixture of 25
uL, which consisted of Tris HCI (20.0 mM), (NH4),SO4 (10.0
mM), KCI (10.0 mM), MgSO;, (8.0 mM), Tween 20 (0.1%),
betaine (0.8 M), ANTP (1.4 mM) (each), Bst DNA polymerase
(8 U), and 1.6 M Ft and Bt PSR primers. Finally, 2 uL. DNA
templates were added and the total volume was made up to
25 uL with sterile nuclease-free water (NFW). To determine
the analytical sensitivity of PSR, genomic DNA was 10-fold
diluted serially (3 x 10* ng/uL, 3 x 10" ng/uL, 3 x 10° ng/pL,
3%x10 "ng/uL, 3 x 10 2 ng/uL, 3 x 10> ng/uL, 3 x 10 * ng/
uL, 3 x 107> ng/uL) by NFW before added. We also diluted
the original bacterial solution with NFW by the same multiple
(2.4 x 10° CFU/mL, 2.4 x 10" CFU/mL, 2.4 x 10> CFU/mL,
2.4 x 10> CFU/mL, 2.4 x 10* CFU/mL, 2.4 x 10° CFU/mL),
and ultraviolet-visible spectrophotometry was used to observe
the relationship between the concentration of DNA extraction
and the bacterial solution with different dilution ratios. HNB
indicator solution (1 puL) with a mass fraction of 0.2% was
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Fig. 2 (a) Fluorescence
amplification curves for four sets
of primers for the /i gene of

V. parahaemolyticus. (b)
Fluorescence amplification
curves of the optimal primer at
different temperatures

added to the 25 L PSR mixture, and the color changes were
observed [16]. For comparison, the sensitivity of conventional
PCR was also tested as described previously [17]. The PCR
mixture contained 12.5 uLL master buffer solution, 0.8 uM of
each degenerate primer targeting the highly conserved region
in the #/h gene, 4.5 uL MgCl,, and 2 uL DNA templates. The
reaction program was as follows: initial denaturation at 94 °C
for 2 min, followed by 35 cycles of denaturation at 94 °C for
305, 62 °C for30s, and 72 °C for 30 s, and extension at 72 °C
for 10 min. Subsequently, the amplified product was electro-
phoresed in 1% agarose gel with a voltage of 95 V and a
reaction time of 45 min. Unless noted otherwise, parallel con-
trol and negative controls (no-template control (NC)) were
included in each run.

Fabrication and detection of model samples
Clam meat (5 g) was weighed and ground thoroughly after

shell removal, and 1 ml homogenate was added to 9 ml
sterile PBS. To avoid interference by natural accumulation
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of target bacteria, filtration and sterilization were carried
out to obtain the immersion solution. Model samples were
prepared by adding V. parahaemolyticus at different con-
centrations (2.4 x 10° CFU/mL, 2.4 x 10" CFU/mL, 2.4 x
10> CFU/mL, 2.4 x 10° CFU/mL, 2.4 x 10* CFU/mL, 2.4
x 10° CFU/mL) to the sanitized immersion solution. To
determine the specificity, the non-target pathogens were
also tested in the same matrices. Samples without standard
strains were used as the negative control. After that, the
amplification products of PSR were separated by 1% aga-
rose gel electrophoresis.

Results
Optimization of PSR
To obtain the optimal performance of the PSR, some

important factors, including the best primer, reaction
time, and temperature, were optimized using
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Fig. 3 (a) Fluorescence
amplification curves of LOD for
the purified genomic DNA of

V. parahaemolyticus. (b)
Fluorescence amplification
curves of LOD for CFUs of

V. parahaemolyticus pure culture

V. parahaemolyticus genomic DNA at 100 ng/uL. First of
all, the four groups of primers were reacted for 1 h under
the same conditions to select the best one. Through obser-
vation, the amplification curves manifested that primer 1
yielded the lowest CT value, so it was selected as the best

Fig. 4 Specificity of PSR
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PSR primer for V. parahaemolyticus detection. The reac-
tion could still proceed for a longer time, even if only one
pair of primary primers that specifically targeted the t/h
gene was used (see Electronic Supplementary Material
(ESM) Fig. S1). According to the optimal primer
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Fig. 5 (a) Fluorescence amplification curves of LOD on CFU of model
samples of V. parahaemolyticus. (b) 1% agarose gel electrophoresis of
PSR-amplified products. Lane M: DL1,000 DNA marker. Lanes 1-6: 2.4

screening, a series of temperature gradients (63—67 °C)
were set to observe the effects of different temperatures
on the reaction, with 65 °C being chosen as the optimum

Fig. 6 (a) Specificity of model
samples. (b) HNB acts as a color
indicator for the specificity of
model samples. Nos. 1-5

V. parahaemolyticus, Salmonella
typhimurium, Shigella bogdii,
Escherichia coli O157:H7, and
Staphylococcus aureus, respec-
tively; —: NC
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temperature of detection because it showed the shortest
peak time and the curve gradient rising more apparently
compared to other temperatures (Fig. 2).
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Table2 Comparison of the method with previous methods

Method Detection time Detection limit (CFU) References
PSR ~1 h (DNA extract, amplification, detection) 24 This method
Colorimetric 1.5-2 h (enrichment and detection) 10 [27]
Resistance measurement 1-2 h (amplification and detection) 10 [28]

Lateral immunochromatographic 1 h (sample preparation and detection) 10° [29]

LAMP ~1 h (DNA extract, amplification, detection) 10 [30]

PSR specificity and sensitivity

Gradient concentrations of extracted genomic DNA and pure
culture of V. parahaemolyticus were tested by PSR.
Amplification curves were observed in positive samples after
<40 min, whereas no fluorescence changes were seen within
1 h in the negative controls. The LOD of the PSR was 300 fg/
puL genomic DNA and 2.4 CFU/mL pure bacterial culture per
reaction (Fig. 3). Both were 100 times more sensitive than the
conventional PCR, whose detection limits were 30 pg and 2.4
x 10> CFU, respectively, and the target fragment size of PCR
was 224 bp (ESM Fig. S2).

Cq values increased with decreasing colony-forming units,
and a good linear correlation of the samples with positive ampli-
fication was observed between Cq values and CFU number. The
regression equation was y = —2.1057x + 38.293, with a correla-
tion coefficient of 0.9758 (ESM Fig. S3).

To avoid false-positive errors in the PSR, DNA tem-
plates of E. coli O157:H7, S aureus, S. bogdii, and
S. typhimurium were tested to determine the specificity of
the PSR. Non-V. parahaemolyticus bacteria and negative
controls negligibly interfered with V. parahaemolyticus de-
tection, as they showed no amplification products. This
indicated that the system established in this study had good
specificity (Fig. 4).

Detection of model samples

The accuracy and applicability of our method were assessed by
conducting replicate analyses of V. parahaemolyticus in clam
meat according to the general assay procedures. Despite the pro-
tein content being verified in food matrices, the sensitivity of
clam samples was not interfered with, which showed good con-
sistency with those of the pure bacterial culture. After adding
HNB, the positive sample turned sky blue, while the non-
V. parahaemolyticus strains or negative samples remained violet
in end-point detection, as well as a distinctive laddering pattern
on 1% agarose gel electrophoresis (Fig. 5). In terms of specificity,
we observed the same result (Fig. 6). These findings implied that
our analytical method had strong selectivity for quantifying
V. parahaemolyticus in complex food matrices.

Discussion

Foodborne diseases caused by pathogenic V. parahaemolyticus
have attracted attention in many countries [18, 19].
V. parahaemolyticus has surpassed Salmonella and become
the leading cause of human foodborne disease in China
[20-22] as well as in the USA [23]. It is often difficult to
diagnose gastroenteritis merely by observing clinical signs such
as vomiting and diarrhea, as these symptoms are also common
to other digestive tract diseases. Rapid detection and identifica-
tion of this pathogen is essential from the perspective of public
health. In terms of sensitivity, V. parahaemolyticus detection by
PSR is simpler than all of the existing technologies, including
the isothermal techniques. PSR can attain an LOD of 300 fg/uL
and 2.4 CFU/mL per reaction with excellent specificity, and the
entire reaction can be achieved in <40 min, without the need
for sophisticated equipment, as the results can be easily seen by
the naked eye.

Aerosol pollution is a difficult problem in the whole field of
nucleic acid amplification, since PSR generates so many am-
plification products. There is a risk of aerosol contamination
while opening the reaction tube for subsequent visualization,
especially in the field-testing environment. So, before the re-
action starts, a drop of transparent paraffin oil is added to the
reaction tube to act as a liquid seal. This prevents the reaction
liquid from splashing on the wall and reduces pollution of the
product aerosol, so that the next step of the experiment can be
successfully carried out.

Combined with the advantages of LAMP [24] and PCR,
PSR is an isothermal amplification reaction that requires only
one pair of primary primers and one enzyme. PSR has been
widely used in the detection of bacteria, viruses, and other
microorganisms, such as Brucella, porcine epidemic diarrhea
virus, and canine parvovirus [25, 26]. Compared to the new
detection methods for V. parahaemolyticus developed in re-
cent years such as lateral immunochromatographic, colorimet-
ric, and resistance measurements (Table 2), PSR has demon-
strated marked advantages such as requiring fewer operating
steps, being less time consuming, and having better LODs.
Thus, our present strategy is a powerful tool for the rapid
identification of V. parahaemolyticus in food and environmen-
tal samples.
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