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Puffer fish is a type of precious high-end aquatic product, is widely popular
in Asia, especially in China and Japan, even though it naturally harbors
a neurotoxin known as tetrodotoxin (TTX) that is poisonous to humans
and causes food poisoning. With the increasing trade demand, which
frequently exceeds existing supply capacities, fostering fraudulent practices,
such as adulteration of processed products with non-certified farmed wild
puffer fish species. To determine the authenticity of puffer fish processed
food, we developed a real-time gPCR method to detect five common
puffer fish species in aquatic products: Lagocephalus inermis, Lagocephalus
lagocephalus, Lagocephalus gloveri, Lagocephalus lunaris, and Lagocephalus
spadiceus. The specificity, cross-reactivity, detection limit, efficiency, and
robustness of the primers and probes created for five species of puffer
fish using TagMan technology have been determined. No cross-reactivity
was detected in the DNA of non-target sample materials, and no false-
positive signal was detected; the aquatic products containing 0.1% of a small
amount of wild puffer fish materials without certification can be reliably
tracked; the statistical p-value for each method's Ct value was greater than
0.05. The developed qPCR method was sensitive, highly specific, robust, and
reproducibility, which could be used to validate the authenticity of wild puffer
fish in aquatic products sold for commercial purposes.
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Introduction

Puffer fish (Tetraodontidae) generally belongs to the genera
of dontidae, Tetraodontiformes, and Actinopterygii. Despite its
recognized potential toxicity caused by Tetrodotoxin (TTX),
puffer fish is a long-standing delicacy in China, Japan, and
other Asian nations, and is regarded as the “top of dishes” (1).
TTX is the naturally occurring toxin harbored in puffer fish’s
ovaries, liver, kidneys, eyes, and blood (2). Therefore, improper
handling or accidental consumption of puffer fish can result
in severe toxicity and even death. In addition, TTX is present
in the muscles of a number of puffer fish, and because the
TTX content in the muscles of some puffer fish is lethal, many
poisoning occurrences have been caused by the consumption of
processed and cooked puffer fish (3). In Japan, the preparation
of puffer fish needs special training. In China, the sale of fresh
puffer fish is banned. However, since 2016, the latest regulations
permit Takifugu rubripes and Takifugu obscurus to be farmed
by certified companies and sold after processing, with a code
on the package to track the products’ origin. Since 2016, both
species have become available in Chinas local markets, and
approximately 70% of the annual production is exported (I,
4, 5). The rapid expansion of the high-end aquatic product
trade has led to an increase in demand, which is conducive
to food fraud, such as incorrect labeling and the substitution
of non-certified cultured puffer fish for wild puffer fish goods.
In addition, because the morphological characteristics of puffer
fish are highly similar (6, 7), it is difficult for inexperienced
consumers to correctly identify morphologically, particularly
after the fish has been processed (8). Due to their similar
appearance, using the wrong species puffer fish may lead to
poisoning risk to consumers (9).

Food authenticity identification technology has been
developed to ensure food safety and quality control.
However, processed foods have often been destroyed in their
morphological features and cannot effectively identify in terms
of morphology (8). To evaluate food authenticity, a significant
amount of research has been conducted in recent years
on omics-based food authenticity recognition technologies,
including genomics, proteomics, and metabolomics. Proteomics
studies the existence state and activity rules of proteins at the
overall level under specific conditions, which cannot only
identify protein species but also quantify proteins. Proteomics
is based on protein databases for species identification, origin
tracing, quality identification, and other food authenticity
identification (10-13). However, protein-based methods can
hardly find target protein in heat-treated foods due to the
denaturation of proteins at high temperatures. The examination
of metabolites based on metabolomics is primarily separated
into target analysis and non-target analysis, including vibration
spectrum, chromatography-mass spectrum, nuclear magnetic
resonance, etc. (14). Omics-based methods have become a
comprehensive solution for food fraud (15, 16).
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PCR-based methods for the detection and differentiation of
species have usually been applied due to their high specificity,
sensitivity, and speed, including qPCR (17), digital PCR (18,
19), gene chip (20), and DNA barcode (21) which can quickly
distinguish all animals and plants raw materials used in
food and has attracted international attention and developed
rapidly. TagMan-based real-time quantitative polymerase chain
reaction (QPCR) plays an important role in food authenticity
identification. This method is highly sensitive, specific and
DNA is stable at a high temperature and can be extracted
in most cells. Such methods have been successfully developed
to detect different materials affected by fraud. DNA-based
molecular biology methods are still considered the most effective
method for food authenticity identification (22). By selecting
appropriate target genes based on the characteristics of gene
evolution, it is possible to achieve satisfactory species and strain
distinction. Even with certain biologically distinct individuals
(23-26).

Here, we developed a real-time PCR method based on the
TagMan probe to identify the components of puffer fish of the
genus Lagocephalus in food, including Lagocephalus inermis,
Lagocephalus lagocephalus, Lagocephalus gloveri, Lagocephalus
lunaris, and Lagocephalus spadiceus. This method is based on the
amplification of the cytochrome oxidase subunit I (COI) gene.
Due to the high variability of COI, it was selected to qualitatively
identify the species of puffer fish of the genus Lagocephalus.
The specificity of this method is determined by detecting cross-
reactivity with other puffer fish family members and common
fish species. The limit of detection (LOD) and stability of the
method were evaluated.

Materials and methods

Materials

Complete samples of puffer fish have been identified
by morphology. All puffer fish samples were provided
by the Fisheries Research Institute of Fujian, including
Lagocephalus inermis, Lagocephalus lagocephalus, Lagocephalus
gloveri, Lagocephalus lunaris, Lagocephalus spadiceus, Takifugu
vermicularis, Takifugu fasciatus, Takifugu xanthopterus, Takifugu
bimaculatus, Takifugu flavidus, Takifugu rubripes, Takifugu
oblongus, Takifugu alboplumbeus. Other fish samples used for
the specificity test have also been identified in morphology,
including Limanda aspera, Verasper variegatus, Verasper moseri,
Platichthys stellatus, Paralichthys lethostigma, Oncorhynchus
gorbuscha, Gadus macrocephalus, Sebastes schlegelii, Trachurus
japonicus were obtained from Dalian Tianzheng Industrial
Co., Ltd (Dalian, China). All fish materials information was
listed in Supplementary Tables 1, 2. DNA oligonucleotides
were synthesized by TaKaRa (Dalian, China) and set out
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in Supplementary Table 3. All sequences were purified by
polyacrylamide gel electrophoresis (PAGE).

Deoxyribonucleic acid extraction

Fish meat samples were pulverized using a high-speed
tissue masher (34BL99, Waring Blender dynamics Corp., New
Hartford, CT, USA). Ground sample (200 mg) was taken
for DNA extraction. DNA Extraction Kit (Code No. 9766,
TaKaRa Co., Ltd., Dalian, China) was used according to
the manufacturer’s recommendations. The operations were as
follows: 10 mg sample materials were taken for low-temperature
grinding by adding liquid nitrogen, then added 200 pwL PBS
buffer. Briefly, 200 wL VGB buffer, 20 L proteinase K, and 1.0
nL carrier RNA were added and fully mixed in a 56°C water
bath for 10 min. Then 200 pL 96-100% ethanol was added,
and fully mixed. Placed the spin column on the collection tube,
transferred the solution to the spin column, centrifuge at 12,000
x g for 2 min, and discarded the filtrate. Then, 500 .L RWA
buffer was added to the spin column, 12,000 x g centrifuge
for 1 min, and discarded the filtrate. And then, 700 wL buffer
RWB was added to the spin column, 12,000 x g centrifuge
for 1 min, and discard the filtrate. Repeat the previous step.
Placed the spin column on the collection tube, and 12,000 x g
centrifuge for 2 min. Placed the spin column in a new 1.5 ml
RNase-free collection tube, and added 30-50 wL RNase-free
dH,O, standing at room temperature for 5 min. Centrifugation
at 12,000 rpm for 5 min. The products were dissolved in H,O.

Sequence retrieval and analysis

Puffer fish COI gene sequences of mitochondrial were
retrieved from the official National Center for Biotechnology
Information (NCBI) database GenBank.! And then, these
sequences as the template used for Blast analysis. In addition,
the specificity of the primer and probes was tested by Blast.
MEGA 4.0 software (27) was used to perform sequence
alignment to screen high variability DNA fragments, examine
the specificity of primers and probes, and guarantee that the
primers and probes cannot theoretically amplify genes from
related species. All sequence accession numbers were listed in
Supplementary Table 2.

Quantitative polymerase chain
reaction primers and probes design

the COI of the
and the DNA sequence of the most relevant species

Arrange sequence target species

1 https://www.ncbi.nlm.nih.gov/genbank/
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(such as the fish species of the

genus Fugu) and screen for the fragments with the

common puffer
greatest variability.

Considering the impact of food processing on DNA quality,
the amplification efficiency of real-time qPCR analysis was
improved by designing primer pairs to amplify relatively short
DNA fragments. The nucleotide sequences chosen for primer
design were introduced into the program “Oligocalc” (28),
and the length was optimized for the resulting “salt-adjusted”
annealing temperature. Then, the annealing temperatures
calculated by “Oligocalc” applying the “salt-adjusted” algorithm
were used as starting values for the qPCR. Four gqPCR
methods were based on the TagMan probe, modified with
the reporter fluorophore, 6-carboxyfluorescein (FAM), and
quencher fluorophore black hole quencher (BHQ_1) at 5
and 3’ end, respective. L. inermisand and L. lagocephalus
amplification fragment sizes were 196 bp, L. gloveri was
174 bp, L. lunaris was 150 bp, and L. spadiceus was
173 bp. Finally, 18SrRNA was used as the control gene
to design primer and probe for detecting DNA of all
sample materials to ensure no inhibitory contaminants. All
primers and probes oligonucleotide sequences were listed
in Supplementary Table 3 and synthesized by TaKaRa
(Dalian, China).

Real-time quantitative polymerase
chain reaction

Real-Time qPCR analysis was carried out in QuantStudio
7 Real-time fluorescent quantitative PCR system (Applied
VA, USA). Real-time qPCR
carried in a volume of 25 WL containing 16 wL Probe
qPCR Mix (Code No. 391A, TaKaRa, Dalian, China), 1
pL forward primer (0.4 pmol/pL), 1 pL reverse primer
(0.4 pmol/pL), 1 pL probe (0.4 pmol/nL), and 2 pL
target DNA. The reaction blend was then subjected
to 45 cycles at 95°C for 5 s and 60°C for 30 s, with
fluorescence acquisition at each cycle. Each sample was

Biosystems, reaction was

analyzed three times.

Specificity and cross-reactivity

The specificity and cross reactivity of the detection
Undiluted
sample material DNA obtained from 13 closely related

methods were evaluated by qPCR analysis.

different puffer fish species and 9 other unrelated fish species
listed in Supplementary Table 3 was used. DNA analysis
of each species was repeated no less than 3 times. All
sample DNA used for the test was detected with primers
and probes of internal reference 18 S rRNA to avoid
inhibitory substance.
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Forward primer Probe Reverse primer

CATCEAGEACCATCTCTAGTGA - {NERCORENERARIGAEN - CCAGACCTAAAATAGECT)
CATCEAGGACCATCTCTAGIGA - - {NERCONE AR - CCAGACGTAARATAGECT)
CaTCEAGGACGATGICTAGTGA  + (I RERCOOSNGEERRNGR0R -  -CCAGACGTAAAAT?

CATGAAGGACGATGTCTAGGGA* * * TGACCCCTGTTGGAATGGCA* * * GCGGATGTGAAGTAGGCC

CATGAAGGACAATATCTAGGGA* * * TAACCCCTGTAGGAATGGCG* * * GCAGATGTAAAATAGGCT
CGTGAAGGACGATGTCCAGGGA***TTACCCCTGTAGGGATGGCA* * * GCAGAGGTGAAGTAGGCT
CGTGTAGCACAATGTCTAGGGA* * * TGACTCCTGTTGGAATGGCA* * * GCGGAGGTAAAGTAGGCT
CGTGTAGCACAATGTCTAGGGA* * * TGACTCCTGTTGGAATGGCA* * * GCGGAGGTAAAGTAGGCT
CGTGTAATACGATGTCTAGGGA* * * TGACTCCTGTCGGGATGGCA* * * GCAGAGGTAAAGTAGGCT
CGTGTAATACAATGTCTAGGGA* * * TGACTCCTGTTGGGATGGCA* * *GCAGAGGTAAAGTAGGCT
CGTGTAACACAATGTCTAGGGA* * * TGACTCCTGTTGGGATGGCG* * * GCGGAGGTAAAGTAGGCT
CGTGTAACACAATGTCTAGGGA* * *TGACTCCTGTTGGGATGGCA* * * GCGGAGGTAAAGTAGGCT
CGTGTAACACAATGTCTAGGGA* * *TTACCCCTGTTGGGATGGCA* * * GCGGAGGTAAAGTAGGCT

Forward primer Probe Reverse primer

CCTAGGAACATCACCACAA* * * AAAGGACGTAGTGGAAGTGGGCT * * * CATGGAGGACGATGTCTAGT
CCTAGGAACATCACCACAA* * * AAAGGACGTAGTGGAAGTGGGCT * * * CATGGAGGACGATGTCTAGT
CCTAGGAACATCACCACAA* * * AAAGGACGTAGTGGAAGTGGGCT * * * CATGGAGGACGATGTCTAGT
CCCAGGAACATTACCATAA* * * AGAGGACATAGTGGAAGTGGGCA* * * CATGAAGGACGATGTCTAGG
CCTAGGAACATTACCACGA* * *AGAGTACATAGTGGAAATGGGCT * * * CGTGAAGGACGATGTCCAGG
CCAATGAACATCACTCCGA* * *AGAGGACATAGTGGAAGTGGGCA* * * CGTGTAGCACAATGTCTAGG
CCAATGAACATCACTCCGA* * * AGAGGACATAGTGGAAGTGGGCA* * * CGTGTAGCACAATGTCTAGG
CCAATGAACATTACTCCGA* * * AGAGGACGTAGTGGAAATGGGCA* * * CGTGTAATACGATGTCTAGG
CCAATGAACATTACTCCGA* * * AGAGGACATAGTGGAAGTGGGCA* * * CGTGTAATACAATGTCTAGG
CCAATAAACATTACTCCGA* * * AGAGGACATAGTGGAAATGGGCA* * * CGTGTAACACAATGTCTAGG
CCAATAAACATTACTCCGA* * * AGAGGACATAGTGGAAATGGGCA* **CGTGTAACACAATGTCTAGG
CCAATGAACATTACTCCGA* * * AGAGGACATAGTGGAAGTGGGCA* * * CGTGTAACACAATGTCTAGG

Forward primer Probe Reverse primer

GGAAGAAGGTTAGGTTGA** * ACGAAGGCTCCCATGATGGCAA* * *CATTGAAAGGACGTAGTGGA
GGAAGAAGGTTAGGTTGA* * *ACGAAGGCTCCCATGATGGCAA* * *CATTGAAAGGACGTAGTGGA
GGAAGAAGGTTAGGTTGA* * * ACGAAGGCTCCCATGATGGCAA* * *CATTGARAGGACGTAGTGGA
GGAAGAAGGTTAGATTTA* * *ACGAAAGCCCCTATGATGGCAA* * *CATCGAGAGGACATAGTGGA

GGAAGAAGGTCAGATTGA* * *ACGAAGGCCCCCATAATAGCAA* * *TATCGAGAGGACATTGTGGA

GGAAGAAGGTCAGGTTAA***ACGAATGCACCCATAATTGCAA* * *CATGGAGAGGACATAGTGGA
GGAAGAAGGTCAGGTTAA***ACGAATGCACCCATAATTGCAA* * *CATGGAGAGGACATAGTGGA
GGAAGAAGGTTAGGTTGA* **ACGAATGCACCCATAATTGCAA* * *CATGGAGAGGACGTAGTGGA
GGAAGAAGGTTAGGTTGA* **ACGAATGCACCCATAATTGCAA* * *CATGGAGAGGACATAGTGGA
GGAAGAAGGTTAGGTTAA***ACAAATGCACCCATAATTGCAA* * *CATGGAGAGGACATAGTGGA
GGAAGAAGGTTAGGTTGA***ACGAATGCACCCATAATTGCAA* * *CATGGAGAGGACATAGTGGA
GGAAGAAGGTTAGGTTGA* **ACGAATGCACCCATAATTGCAA* * *CATGGAGAGGACATAGTGGA

Forward primer Probe Reverse primer

CGTCTATTCCGACGGTGA* * * CAGACAATGAAGCCCAGAAGGCCAA* * *GAGAATGAGAATGTAGACTTCA
CGTCTATTCCGACGGTGA* * * CAGACAATGAAGCCCAGAAGGCCAA* * *GAGAATGAGAATGTAGACTTCA
CGTCTATTCCGACGGTGA* * * CAGACAATGAAGCCCAGAAGGCCAA* * *GAGAATGAGAATGTAGACTTCA
CGTCCATACCAACCGTGA* * * CAAACAATGAAGCCTAGCAGCCCGA* * *GAGGATGAGGATGTAGACTTCG
CATCTATACCCACGGTGA* * *CATACAATGAAGCCCAGTAGTCCGA* * *TAAAATTAGAATGTAGACTTCG
CGTCTATACCGACTGTAA* * * CATACAATAAAGCCAAGAAGACCGA* * * GAGAATTAGAATGTAGACTTCA
CGTCTATACCGACTGTAA* * *CATACAATAAAGCCAAGAAGACCGA* * *GAGAATTAGRATGTAGACTTCA
CGTCCATGCCGACTGTAA* * *CATACAATAAAACCAAGAAGACCGA* * *GAGAATTAGAATGTAGACTTCA
CGTCCATACCGACTGTAA* * *CATACAATAAAACCAAGAAGGCCGA* * * AAGGATAAGAATGTAGACTTCA
CGTCCATGCCGACTGTAA* * *CATACAATAAAGCCAAGAAGACCGA* * *GAGAATTAGAATGTAGACTTCA
CGTCCATGCCGACTGTAA* * *CATACAATAAAGCCAAGAAGACCGA* * *GAGAATTAGRATGTAGACTTCA
CGTCCATGCCAACTGTAA* * *CATACAATAAAGCCAAGAAGACCGA* * *GAGAATTAGAATGTAGACTTCA

Alignment of a segment of the COI gene region of different puffer fish species for the development of the specific gPCR method for L. inermis
and L. lagocephalus (A), L. gloveri (B), L. lunaris (C), and L. spadiceus (D). The location and orientation of primers and probes are indicated by
lightgray and darkgray boxes, respectively. Differential bases are indicated by red. ***Represents the omitted part in oligonucleotide sequence.
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Amplification efficiency (E)

In order to calculate the amplification efficiency (E) of
qPCR, 8 series of dilution levels were prepared using the sample
DNA of Lagocephalus inermis, Lagocephalus lagocephalus,
Lagocephalus gloveri, Lagocephalus lunaris, and Lagocephalus
spadiceus, including 100, 50, 20, 10, 5, 2, 1, and 0.1%. All samples
were analyzed three times. Mean Ct values obtained for each
point were plotted against the Log (DNA concentration (ng/pL),
and a linear regression analysis was performed. Using the slope
of the regression line, the qPCR efficiency was calculated using
the equation E = 100 (10~ /slepe —
For each target, the slope of the regression curve should be

1) and expressed in percent.

between 3.9 and 2.9 corresponding to PCR efficiencies ranging
from 80 to 120%. Additionally, the correlation coefficient R? of
the curve is a measure of the linearity of the PCR reaction. The
R? for each target should be greater than 0.98.

Sensitivity tests

The LOD was experimentally determined according to
accepted guidelines (28). DNA was extracted from Lagocephalus

10.3389/fnut.2022.1068767

inermis, Lagocephalus lagocephalus, Lagocephalus gloveri,
Lagocephalus lunaris, and Lagocephalus spadiceus, respectively,
and diluted by Limanda aspera DNA extracted from slices of
fish meat. Therefore, 8 series of dilution levels were prepared to
simulate real samples for qPCR analysis and determine LOD,
including: 100, 50, 20, 10, 5, 2, 1 and 0.1%. LODg of the QPCR
method represents six replicate analyses performed for each
dilution point of serial dilution. At least three times must be
performed under repeat conditions, yielding a total of 18 results
per dilution point. The lowest dilution level at which all 18
replicates show a specific positive amplification was considered
as the LODg. The analytical sensitivity of the qPCR method
was present by LODgsg,. The LODogs, refers to the use of the
corresponding LODg level, one higher dilution level, and one
lower dilution level, and each level is tested 60 times. All 60
replicates showed specific positive amplification, and the lowest
dilution level was considered as LODgs0, with a 95% confidence
level. Statistical significance LODgs9, was calculated by Semi
logarithmic regression analysis (PRISM, Graphpad Software
Inc., San Diego, CA, United States), input of the corresponding
number of sample materials, the number of repetitions, and the

number of positive results in qPCR detection.

A B
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FIGURE 2
Specificity results of real-time gPCR methods. gPCR Ct value corresponding to puffer fish and other meat DNA, (A) L. inermis, L. lagocephalus,
and T. vermicularis was detected and the Ct value was 20.58 4+ 0.09, 22.61 + 0.24, and 2543 + 0.11, respectively. Other 19 species fish were
undetected. (B) L. gloveri was detected and the Ct value was 22.71 + 0.38. (C) L. lunaris was detected and the Ct value was 22.99 + 0.47.
(D) L. spadiceus was detected and the Ct value was 25.98 £ 0.28. Inner: the Ct value for the samples with 22 species of fish. L. ine,
Lagocephalus inermis; L. lag, Lagocephalus lagocephalus; T. ver, Takifugu vermicularis; L. glo, Lagocephalus gloveri; T. jap, Trachurus japonicus;
L. spa, Lagocephalus spadiceus; P. let, Paralichthys lethostigma; L. lun, Lagocephalus lunaris; O. gor, Oncorhynchus gorbuscha; T. fas, Takifugu
fasciatus; G. mac, Gadus macrocephalus; T. bim, Takifugu bimaculatus; V. var, Verasper variegatus; T. rub, Takifugu rubripes; S. sch, Sebastes
schlegelii; T. alb, Takifugu alboplumbeus; P. ste, Platichthys stellatus; V. mos, Verasper moseri; T. xan, Takifugu xanthopterus; T. obl, Takifugu
oblongus; L. asp, Limanda aspera; T. fla, Takifugu flavidus.
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Robustness evaluation

The robustness of puffer fish detection was checked by
changing conditions of the qPCR reaction such as the qPCR
instrument (CFX 96 Real-Time qPCR System, Bio-Rad Co.,
Ltd, Hercules, CA, USA), the concentration of primers and
probes (£25%), and the annealing temperature S6. In each
combination, a template in an amount of four times the LODg
was added to the assay, at least repeat three times in one
run. Regression analysis was carried out with SPSS (statistical
product and service solutions, IBM Inc.) software, and the
Kruskal Wallis H test was used to evaluate the significance
level of difference in results obtained by orthogonal design
combination of each method. When the p > 0.05, there was no

significant difference in results.

10.3389/fnut.2022.1068767

Results and discussion

Development of the specific
quantitative polymerase chain reaction
method for five specific of puffer fish in
Lagocephalus

The DNA fragment of the mitochondrial Cytochrome
Oxidase Sub-unit I (COI) gene was selected as the target of
the developed real-time qPCR method for puffer fish species
identification. The base sequence of the COI gene region has
a large genetic variation among species, but a small genetic
variation within species, was stable and has high identification
ability, and has been widely used for fish species identification
(29-31). We have searched almost all the genus Lagocephalus in
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FIGURE 3

Standard curves of the analyses of eight dilution levels for the real-time qPCR assays. (A) L. inermis, (B) L. lagocephalus, (C) L. gloveri,

(D) L. lunaris, (E) L. spadiceus. All samples were analyzed three times
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NCBI, there are 18 accession numbers of COI gene sequences
of Lagocephalus inermis and 9 accession numbers of COI gene
sequences of Lagocephalus lagocephalus. The homology of COI
genes between these two species is 100%. In addition, there
are 15 accession numbers of Lagocephalus gloveri, 19 accession
numbers of Lagocephalus lunaris, and 41 accession numbers
of Lagocephalus spadiceu in NCBI. They have differences in
nucleic acid sequences, which can realize the identification of
each species. The DNA sequences of 5 species of puffer fish in

10.3389/fnut.2022.1068767

the genus Lagocephalus and 8 species of puffer fish in the genus
Takifugu were aligned (Figure 1), and primer sequences that
could distinguish the DNA sequences of 5 species of puffer fish
in the genus lepidocephalus from those of other species were
searched. The sequences of five Lagocephalus and eight Takifugu
were comparable to search primers that can distinguish the DNA
sequences of five species of Lagocephalus, Takifugu and other
puffer fish species (Figure 1). All the designed primers could
theoretically exclude other species of puffer fish. However, it was

A
1.0 =0
LOD, = 37.24 pg
LOD,,, = 40.83 pg
2
5
©
£
[
a
PR | L e | i | | m
10 107 10° 10' 10?
Concentration (ng/pL)
[
LOD, = 35.99 pg
LOD,,, = 34.79 pg
l 1
E
LOD, = 32.85 pg
LOD,,, = 31.76 pg
sl 1
FIGURE 4

Probit regression analysis using MedCalc Software was performed on data of 6 replicates (m = 6, n = 3) from serial dilutions by the specific
gPCR methods. (A) L. inermis, (B) L. lagocephalus, (C) L. gloveri, (D) L. lunaris, (E) L. spadiceus.

LOD, = 32.90 pg

LOD,,, = 45.64 pg

LOD, = 33.91 pg

LOD,,, = 32.78 pg
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worth noting that the COI sequence of Takifugu vermicularis
with three accession numbers in NCBI has 100% homology with
that of Lagocephalus inermis and Lagocephalus lagocephalus. It
is impossible to distinguish these three species based on the COI
sequence. Nevertheless, it has been revealed that the homology
analysis results of the 18 S rRNA, Cytb, and COI DNA fragment
sequences of Takifugu vermicularis all belong to the same group
as the genus Lagocephalus, with a homology of 99-100% (32).

Specificity and cross-reactivity

In order to determine the specificity of the qPCR method,
the DNA of target sample materials (L. inermis, L. lagocephalus,
L. gloveri, L. lunaris, and L. spadiceus) and non-target sample
materials were analyzed. To exclude possible inhibitory effects
in DNA preparations, samples were analyzed by qPCR using the

10.3389/fnut.2022.1068767

primers and probe of internal reference of 18 SrRNA. All target
and non-target fish species sample were successfully amplified
on tested (Supplementary Table 4), confirming the suitability
of sample DNA for qPCR assays. In the qPCR detection method
of L. inermis and L. lagocephalus, the two species puffer fish
could be detected at the same time, and had cross reactivity
with the T. vermicularis, no false-positive signal was detected in
other tested samples. The results of specificity test also verified
that the sequence homology of the COI gene of L. inermis,
L. lagocephalus, and T. vermicularis, indicating that the genus
classification of T. vermicularis needs further exploration. In
addition, in the respective qPCR detection methods of L. gloveri,
L. lunaris and L. spadiceus, no cross reactivity was found in the
DNA of non-target sample materials, and no false-positive signal
was detected (Figure 2). These qPCR analysis results confirmed

the accuracy and specificity of the detection method.
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Real-time qPCR results of the sensitivity analyses. Typical fluorescence curves of gPCR method corresponding to the addition of different
percentage of different species puffer fish added into mixture meat ranging from 0 to 100% (0, 0.001, 0.1, 1, 2, 5, 10, 20, 50, and 100%). Inner:
the Ct value for the samples with 0.001-100% puffer fish. (A) L. inermis, (B) L. lagocephalus, (C) L. gloveri, (D) L. lunaris, (E) L. spadiceus. All
values are presented as mean =+ s.d. Statistical significances were obtained by the Mann Whitney test.
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Amp[iﬁcation efﬁciency (E) and samples from five species puffer fish in the genus Lagocephalus
linearity (R2) including L. inermis, L. lagocephalus, L. gloveri, L. lunaris, and
L. spadiceus. Each dilution level is tested at least three times.

The qPCR efficiency of these four methods was analyzed The threshold cycle value (Ct value) was compared with the

by qPCR at eight consecutive dilution levels (m = 8) of DNA DNA concentration (pg/pL) to draw a linear regression curve.
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FIGURE 6

Results of the robustness experiments for the specific of gPCR methods. (A) L. inermis, (B) L. lagocephalus, (C) L. gloveri, (D) L. lunaris,

(E) L. spadiceus. In (A-E), box plots are centered around the median. Minima and maxima are shown as the bottom and top of the box plots,
respectively. All values are presented as mean + s.e.m. Kruskal Wallis H test was used. NS, not significant.
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According to the equation E = 100 (10~ 1/slope
efficiency is determined as the slope of the regression line, which

1), the analysis

shows a good linear relationship between Ct value and DNA
concentration (Figure 3). The correlation coeficient R? of these
qPCR methods is 0.9808-0.9903, the slope of the regression
curve is —3.824 to —3.228, and the efficiency E is 82.60-104.07%
(Supplementary Table 5). These results match the specifications
of the common qPCR validation guidelines, with a required
linearity (R?) should be > 0.98, the slope of the regression curve
should be between —3.9 and —2.9 corresponding to an efficiency
(E) from 80 to 120%.

Sensitivity

The sensitivity of the qPCR method was an important
parameter that needs to be evaluated, especially considering the
regulations that wild puffer fish were not allowed to eat cultured
by unauthorized certification companies, and the detection of
species that may contain low concentrations. In this study,
the sensitivity of the gPCR LOD was expressed by LODg and
LODgsy. It is determined by measuring the serial dilution level
of DNA of five kinds of puffer fish samples in their respective
detection. The LODg of L. inermis and L. lagocephalus was 37.24
pgand 32.90 pg, and the LODgs9, was 40.83 pg (17.31-233.44 pg,
95% CI) and 45.64 pg (19.25-265.22 pg, 95% CI), respectively.
For L. gloveri, L. lunaris, and L. spadiceus the LODg was 35.99,
33.91, and 32.85 pg, and the LODgs¢, was 34.79 pg (14.70-207.20
pg, 95% CI), 32.78 pg (13.85-195.23 pg, 95% CI), and 31.76 pg
(13.41-189.13 pg, 95% CI), all of the five qPCR methods had
highly sensitive (Supplementary Table 6 and Figure 4). This
highly sensitive indicates that when the aquatic products contain
0.1% of a small amount of wild puffer fish materials without
certification, they can be tracked reliably (Figure 5).

Robustness

To evaluate the robustness of the qPCR methods, we used
orthogonal design to slightly change the principal different
experimental conditions, such as the qPCR instruments,
qPCR reagents, primer, and probe concentrations, and slight
deviations of PCR annealing temperature. We used a 5% DNA
template sample to examine the impact of the aforementioned
variables on the stability of the results. In the orthogonal
design combination of each method, there was no significant
difference in the Ct values of the five species of puffer fish
in the genus Lagocephalus (Figure 6 and Supplementary
Tables 7, 8). For L. inermis, the Ct value was 29.84 + 0.43
(p = 0.692). For L. lagocephalus the Ct value was 30.23 =+ 0.20
(p = 0.063). For L. gloveri the Ct value was 28.33 £ 0.34
(p = 0.433). For L. lunaris the Ct value was 28.59 £ 0.20
(p = 0.291). For L. spadiceus the Ct value was 28.61 £ 0.24
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(p = 0.564). Data in above are mean =+ s.d. (n = 3). Thus,
it can be concluded that the statistical p-value >0.05 of
each method’s Ct values, these qPCR methods were stable,
and can be transferred to other laboratories and used in
routine analysis.

Conclusion

This study describes a method for detecting five common
puffer fish species belonging to the genus Lagocephalus:
L. inermis, L. lagocephalus, L. gloveri, L. lunaris, and L. spadiceus.
These methods were able to detect as little as 0.1% (w/w) puffer
fish content, and the statistical p-value for each methods Ct
values was greater than 0.05. Each of these qPCR methods
did not identify any cross-reactivity in the DNA of 21
non-target species sample materials nor detect any false-
positive signals.

In summary, the developed qPCR methods were sensitive,
highly specific, robust, and reproducible, which could be
a viable tool for analyzing the authenticity of puffer fish
aquatic goods. It is also universal, which means that it can
be applied to detect any species-specific DNA sequence and
thus detect other types of food fraud. This is attributed to the
molecular recognition of the species-specific DNA sequences
is carried out by hybridizing the analyzed DNA sequences
with complementary oligonucleotide probes. This method can
detect puffer fish species rapidly and end within 45 min,
and also allows tracing the cause of poisoning after a food
poisoning incident.
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