Fisheries Science
https://doi.org/10.1007/512562-024-01812-y

ORIGINAL ARTICLE q

Check for

Food Science and Technology updates

Rapid and specific detection of mackerels of the genus Scomber using
loop-mediated isothermal amplification (LAMP)

Wei Cui' - Hiroki Koyama' - Kouichi Kurose'

Received: 3 April 2024 / Accepted: 11 July 2024
© The Author(s), under exclusive licence to Japanese Society of Fisheries Science 2024

Abstract

This study presents a novel method for the rapid and precise detection of mackerels belonging to the genus Scomber, which
are prevalent in the Japanese market and are subject to labeling regulations owing to allergenic concerns. We developed
loop-mediated isothermal amplification (LAMP) methods targeting the ribosomal DNA sequences of four Scomber species:
S. japonicus, S. australasicus, S. scombrus, and S. colias. By incorporating hydroxynaphthol blue for colorimetric detec-
tion, our method enables visual inspection of results, eliminating the need for complex instruments. Optimization of LAMP
conditions and verification of specificity demonstrated reliable detection of Scomber DNA with a minimum detection limit
of 1-100 pg, depending on the Scomber species, and enabling efficient detection within 30-60 min using a simple incubator.
No cross-amplification occurred among closely related species. Additionally, we successfully detected Scomber DNA in
processed foods, demonstrating the usefulness and practicality of our LAMP methods. Despite relatively lower sensitivity
compared with real-time polymerase chain reaction (PCR), our LAMP methods offer advantages in simplicity, rapidity,
and ease of use, making the methods suitable for broader application beyond specialized laboratories. Thus, our LAMP
methods provide a practical solution for monitoring food labeling compliance, thereby enhancing consumer confidence and
regulatory efficiency.

Keywords Scomber species detection - Mackerel - Allergenic fish - Food labeling - Food allergy - Ribosomal DNA - ITS
regions

Introduction individuals with food allergies. To guarantee the accuracy

of food labels and enhance consumer confidence in the food

In Japan, a food labeling system for specific allergenic sub-
stances became mandatory by law on 1 April 2002 (Akiyama
et al. 2011). Scomber is among the food items recommended
for labeling in the Japanese Ministerial Notification (Aki-
yama and Adachi 2021). The implementation of the food
labeling system has significantly ensured dietary safety for
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labeling system, it is crucial to establish an accurate method
for detecting allergenic food materials, such as Scomber fish,
in processed foods.

Meanwhile, owing to the globalization of food distribu-
tion, Atlantic mackerel Scomber scombrus and Atlantic
chub mackerel S. colias have entered the Japanese market in
recent years, alongside chub mackerel S. japonicus and blue
mackerel S. australasicus caught in the sea around Japan.
While whole fish can be identified on the basis of morpho-
logical characteristics before processing, the loss of features,
such as fins, skin, and head, as well as color changes, during
processing may make it challenging for consumers to ascer-
tain whether the processed food they are consuming contains
Scomber species or matches the species indicated on the
food label. Therefore, to safeguard consumer safety and their
right to know, a reliable detection method is necessary to
identify the species of mackerel present in processed foods.
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Polymerase chain reaction (PCR) is currently the most
prevalent method for detecting Scomber species, utilizing
various approaches, such as conventional PCR (Aranishi and
Okimoto 2004; Infante et al. 2006; Infante and Manchado
2006), PCR-restriction enzyme fragment length polymor-
phism method (Aranishi 2005), multiplex PCR (Catanese
et al. 2010), and real-time PCR (Velasco et al. 2013), to
detect one or several specific species of Scomber. Recently,
we have developed accurate and sensitive detection meth-
ods for Scomber fish on the basis of real-time PCR with
a detection limit of 1 pg. These methods utilize primers
targeting the internal transcribed spacer regions of nuclear
ribosomal DNA, enabling the individual identification of
four Scomber species and the comprehensive detection of
Scomber fish regardless of species. (Cui et al. 2023). How-
ever, PCR-based detection methods, while highly sensitive,
require thermal cycling, involving repeated temperature
changes between specific temperature ranges (denaturation,
annealing, and extension), which can be time-consuming
and necessitate specialized equipment (Zhu et al. 2020).
Therefore, we turned our attention to loop-mediated iso-
thermal amplification (LAMP) (Notomi et al. 2000). This is
because LAMP operates at a constant temperature, typically
around 60-65 °C, eliminating the need for complex ther-
mal cycling equipment and reducing the overall assay time
(Notomi et al. 2015; Parida et al. 2008). Additionally, LAMP
can be detected visually without the need for specialized
equipment, using techniques, such as turbidity, colorimetric
change, or fluorescence (Scott et al. 2020), making it suitable
for point-of-care applications.

In the present study, we aimed to develop comprehen-
sive and species-specific LAMP detection methods for the
four Scomber species prevalent in the Japanese market. By
adding hydroxynaphthol blue (HNB) to the reaction mixture,
the detection results can be determined by observing the
color change in the mixture (Goto et al. 2009). Our method
holds the promise of achieving simpler and faster detection
of Scomber species.

Materials and methods
Samples used for the detection of Scomber species

Specimens of S. japonicus and S. australasicus from Japan,
as well as S. scombrus from Norway, were obtained from
fish markets in Japan. A specimen of S. colias from West
Africa was generously donated by Maruha Nichiro Corpo-
ration. Additionally, five fish species (Thunnus orientalis,
Thunnus obesus, Katsuwonus pelamis, Seriola quinquera-
diata, and Scomberomorus niphonius) belonging to the same
Scombridae family but different genera than Scomber, and
two fish species, Oncorhynchus keta and Salmo salar, from
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Table 1 Information of fish species used in this study

Family Species Common name

Chub mackerel

Blue mackerel

Scombridae Scomber japonicus
S. australasicus
S. scombrus Atlantic mackerel
S. colias Atlantic chub mackerel
Thunnus albacares Yellowfin tuna
T. orientalis Pacific bluefin tuna
T. obesus Bigeye tuna
Katsuwonus pelamis Bonito
Scomberomorus niphonius Japanese Spanish mackerel
Chum salmon

Salmonidae Oncorhynchus keta

Salmo salar Atlantic salmon

the Salmonidae family, were included in the study as non-
Scomber species (Table 1). Species identification was con-
ducted on the basis of package labels and/or morphological
characteristics, and all samples were stored at —80 °C until
DNA extraction.

A total of 14 processed foods labeled as contain-
ing Scomber species and four processed foods without
Scomber labeling were purchased at markets in Tokyo,
Japan. The label information of processed foods is shown
in Table 2.

DNA was extracted from approximately 200 mg of fish
muscle or processed food using the NucleoSpin Food DNA
Extraction Kit (Macherey—Nagel, Germany) according to
the manufacturer’s instructions. The quality of the extracted
DNA was evaluated by Gene Quant 100 spectrophotometer
(GE Healthcare, Japan) with an absorbance ratio of A, /
A,g, ranging from 1.7 to 2.0 and by running a 0.8% agarose
gel electrophoresis. DNA samples were stored at —20 °C
until used for analysis.

Designing LAMP primers

The ribosomal DNA (rDNA) sequences containing inter-
nal transcribed spacer (ITS) 1 and ITS 2 regions of four
Scomber species (Cui et al. 2023) were chosen for the
design of LAMP primers. The accession numbers for these
four Scomber species in the DNA Data Bank of Japan
(DDBJ)/GenBank/European Molecular Biology Labo-
ratory (EMBL) database are LC773205 (S. japonicus),
LC773259 (S. colias), LCT773260 (S. australasicus), and
LC773261 (S. scombrus). PrimerExplorer V5 software
(https://primerexplorer.jp/lampv5/index.html) was used
to design Scomber species-specific and comprehensive
LAMP primers from ITS 1 and ITS 2 regions, respectively.
Each set of primers comprises two outer primers (F3 and
B3) and two inner primers. The forward inner primer,
FIP, consists of the Flc and F2 sequences connected by
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Table 2 Processed food
information in this study

Code  Processed food Process Species name on label
1 Sardine meatball Mashed Scomber spp.

2 Mackerel (salty flavor) Salt-cured Scomber spp.

3 Salt-grilled mackerel Salt-grilled Scomber spp.

4 Sesame scented mackerel with miso ~ Marinated with miso Scomber spp.

5 Smoked mackerel Smoked Scomber spp.

6 Pickled mackerel (with vinegar) Vinegar-pickled Scomber spp.

7 Pickled mackerel with kelp Vinegar-pickled Scomber spp.

8 Mackerel poached in water 1 Canned Scomber spp.

9 Mackerel poached in water 2 Canned Scomber spp.
10 Mackerel pickled in oil Pickled in olive oil, canned Scomber spp.
11 Bone-in flame-seared salmon Roasted, retorted Salmon

12 Sprinkle-on seasoning Mashed, dried Salmon

13 Mix-in furikake Mashed, dried Salmon

14 Dried bonito flakes Smoked, dried Bonito

15 Mackerel simmered in miso Simmered in miso, canned Scomber spp.
16 Buckwheat-noodle soup Broth, dried Scomber spp.
17 Mackerel pickled in olive oil Pickled in olive oil, canned Scomber colias
18 Mackerel pickled in sunflower oil Pickled in sunflower oil, canned  Scomber colias

Table 3 The primer sequences for LAMP detection used in this study

Target species Target DNA Primer name Sequence (5'—3")
Scomber spp. ITS 2 Scomber-F3 TCCCCGTCGGCCTAACA
Scomber-B3 ACCCCCGCCGGACTTACG
Scomber-FIP ACTCATGCGGGCCCGATTTTATCTCTCACCCTCC
Scomber-BIP GCTGCCGGTGGACTTCTTTTTCACGCGTAGCGCGGGCA
S. japonicus ITS 1 ScomberJa-F3 GCCGTGGGCAAAGAAATT
ScomberJa-B3 CTGCAAACGGCCTTCA
ScomberJa-FIP GCGCTGAGGTTAAGGTTCCGATTTTTGGGGGTCGGGAACAGT
ScomberJa-BIP TGCCCCCGGGTACCCAACTTTTTAGGAGACATTGAACCCCTCT
S. australasicus ITS 1 ScomberAu-F3 TGTCCTGGTGCCCATCG
ScomberAu-B3 GGGGCAGGAGACATTGAAC
ScomberAu-FIP TTGGTTCCGAGTGGCGGGCTTTTGGGGGGTTGGGAACCTT
ScomberAu-BIP AACCTCAGCGCGTTGCGGTTTTGGAGGAGGGAGGAGAGTTGG
S. scombrus ITS 1 ScomberSc-F3 TCTCTCACACCCCTTCACC
ScomberSc-B3 AGATTCACCCCCTCCGTG
ScomberSc-FIP AAGAGGGAGGGTTTGTGTGCCCTTTTAGTTAGGGGGTAAGGGTCCG
ScomberSc-BIP TCTCCGCTCCCCTTTCTCCCTTTTATGGGCACCGGGTACG
S. colias ITS 1 ScomberCo-F3 CTTCCCCCCCACTTTT
ScomberCo-B3 GCCGATGGGCGGCAACCC

ScomberCo-FIP
ScomberCo-BIP

TATCCCGGCGTACCGGAGGGTTTTCGTCGCTCGGGGATCACG
AACCTTAACCTCAGCGCGTTGCTTTTGGAAGGAGGAGAGTTGGGTA

“TTTT.” The backward inner primer, BIP, consists of

LAMP conditions for detecting the Scomber species

the Blc and B2 sequences connected by “TTTT.” All the

LAMP primers and their respective locations on the ITSs
are shown in Table 3 and Online Resource Fig. S1.

The LAMP reaction was performed using the PC-320
PCR thermal cycler (ASTEC Co., Ltd, Japan) at a constant
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temperature of 65 °C for 30—-60 min to determine the optimal
incubation time for achieving the highest efficiency of the
LAMP reaction. Each reaction mixture, with a volume of 25
pL, comprised 8 U of BcaBEST DNA Polymerase (Takara
Bio Inc, Japan), 12.5 uL of 2 X BcaBEST buffer, 0.2 uM of
each outer primer, 1.6 pM of each inner primer, 120 pM of
HNB (DOJINDO, Japan), and 10 ng of the test DNA tem-
plate, unless otherwise specified. Upon completion of the
reaction, results were assessed by visually inspecting color
changes: a shift in the reaction mixture color from purple
to blue indicates the amplification of DNA from the corre-
sponding LAMP primer set used, while maintaining a purple
color indicates the lack of DNA amplification.

The specificity of the developed LAMP method for
Scomber species was assessed using DNA from the above-
mentioned 11 fish species (Table 1) at 65 °C for the optimal
incubation times: 60 min for the comprehensive primer set,
40 min for the S. japonicus-specific and S. australasicus-
specific primer sets, 50 min for the S. scombrus-specific
primer set, and 35 min for the S. colias-specific primer set.
Subsequently, the detection limits of the template DNA were
determined by using tenfold serial dilutions of Scomber
DNA (ranging from 10 ng to 1 pg) with comprehensive or
species-specific LAMP primer sets. The influence of con-
taminating non-Scomber DNA on the detection of Scomber
was evaluated by preparing LAMP reaction mixtures con-
taining a total of 10 ng of DNA, with each Scomber species’
detection limit DNA amount supplemented with 1.43 ng of
DNA from each of the seven non-Scomber fish species listed
in Table 1 and conducting LAMP reactions.

Analysis of Scomber ingredients in processed foods

In total, 10 ng of DNA extracted from 18 processed food
samples was analyzed using the LAMP method. The reac-
tion conditions were as described above in the “LAMP
conditions for detecting the Scomber species” section.
Subsequently, the DNA extracted from the same 18 pro-
cessed food samples was analyzed using a PikoReal real-
time PCR system (Thermo Fisher Scientific Inc.) with our
previously established comprehensive and species-specific
real-time PCR detection methods for four Scomber species
(Cui et al. 2023). In brief, the PCR reaction for compre-
hensive Scomber detection was conducted with a 10 pL.
reaction mixture comprising 10 ng of DNA template, 5 pL.
of KOD SYBR qPCR Mix (TOYOBO CO, LTD., Japan),
and 0.2 uM of each forward and reverse Scomber compre-
hensive primer, followed by thermal cycling consisting
of initial denaturation at 98 °C for 2 min, followed by 30
cycles of denaturation at 98 °C for 10 s, and annealing and
extension at 68 °C for 22 s. The PCR reaction for species-
specific Scomber detection was performed with a 10 pL.
reaction mixture containing 10 ng of DNA template, 5 uL
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of KOD SYBR gqPCR Mix, and 0.4 uM of each species-
specific forward and reverse Scomber primer, followed
by thermal cycling consisting of initial denaturation at
98 °C for 2 min, followed by 30 cycles of denaturation
at 98 °C for 10 s, annealing at 64 °C for 10 s, and exten-
sion at 68 °C for 15 s. Finally, the results obtained from
both LAMP and real-time PCR analyses were compared
to evaluate their concordance.

All experiments were conducted in two independent
runs to ensure the reproducibility of results.

Results
Detection of Scomber Species by the LAMP Method

LAMP primer sets were designed targeting regions within
the rDNA ITS 1 or ITS 2. Specifically, ITS 1 was uti-
lized for primers specific to each individual Scomber
species, while ITS 2 was employed for comprehensive
primers covering all four Scomber species. This selection
was informed by our previous study indicating that while
both ITS 1 and ITS 2 contain highly specific regions for
Scomber species, ITS 1 demonstrates a higher specificity
for each respective Scomber species (Cui et al. 2023). The
designed LAMP primers are detailed in Table 3, and their
respective positions on the ITS regions are depicted in
Online Resource Fig. S1.

To determine the optimal incubation time for efficient
LAMP reactions, 10 ng of template DNA from each of the
four Scomber species was incubated in the reaction mixture
at 65 °C for 30-60 min with comprehensive or species-spe-
cific LAMP primer sets. Consequently, it was determined
that the optimal incubation times were 60 min for the com-
prehensive primer set, 40 min for the S. japonicus-specific
and S. australasicus-specific primer sets, 50 min for the S.
scombrus-specific primer set, and 35 min for the S. colias-
specific primer set. Figure 1 illustrates the validation of
specificity for each primer set at these reaction times. With
the comprehensive primer set, color changes from purple to
blue were observed in the reaction mixtures of all Scomber
species (Fig. 1a, numbers 1-4). Conversely, no color change
was observed in the reaction mixtures of five closely related
fish species belonging to the same Scombridae family, two
fish species belonging to a different family, Salmonidae, or
in the no-template control (Fig. 1a, numbers 5-11 and N),
indicative of successful Scomber-specific detection irrespec-
tive of the Scomber species. Similarly, when using the S.
japonicus-specific primer set (Fig. 1b), S. australasicus-
specific primer set (Fig. 1c), S. scombrus-specific primer
set (Fig. 1d), and S. colias-specific primer set (Fig. le), blue
color changes were specifically observed for each respective



Fisheries Science

Non Scomber

A

Fig.1 Comprehensive and Scomber
species-specific Scomber detec- |

tion by the LAMP method. The [

blue color indicates successful (a) 1 2 3

amplification of DNA from the

respective LAMP primer sets,

while the purple color indicates ' y
absence of DNA amplifica-

tion. The primer sets used in

the reactions are: a compre-

hensive primer set, b Scomber

Japonicus-specific primer set, ¢ (b) 1 2 3
S. australasicus-specific primer
set, d S. scombrus-specific
primer set, and e S. colias-
specific primer set. The species
of template DNA used in the
LAMP reactions are indicated at
the top of tubes as follows: (1)
S. japonicus, (2) S. australa- 1
sicus, (3) S. scombrus, (4) S. {

colias, (5) Thunnus albacares, ' ’ w
(6) T. orientalis, (7) T. obesus,
(8) Katsuwonus pelamis, (9)
Scomberomorus niphonius,
(10) Oncorhynchus keta, and
(11) Salmo salar. “N” indicates
absence of template. The red \" "'
numbers indicate reaction mix- '

tures where a color change from

purple to blue was observed

@ 1 2 3

W

Scomber species, indicating successful Scomber species-
specific detection.

Detection limits of Scomber DNA

The detection limits of Scomber DNA by the LAMP method
were evaluated using each species of Scomber DNA, seri-
ally diluted by tenfold, ranging from 10 ng to 1 pg. When
using the comprehensive primer set for LAMP reactions,
as shown in Fig. 2a, the minimum detectable quantity of
Scomber DNA varied depending on the species. Specifically,
the detection limits were found to be 100 pg for S. japonicus,
S. australasicus, and S. colias, and 10 pg for S. scombrus.
Therefore, the detection limit for non-specific Scomber spe-
cies detection using the comprehensive primer set was deter-
mined to be 100 pg. Similarly, species-specific detection
also exhibited variation in detection limits among Scomber
species. As shown in Fig. 2b and summarized in Table 4,
the detection limits were 1 pg for S. japonicus, 10 pg for S.
australasicus, 100 pg for S. scombrus DNA, and 10 pg for
S. colias. Furthermore, even when DNA other than Scomber
species was mixed with the Scomber DNA in the LAMP

[ |
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W

reaction mixture, both comprehensive and species-specific
Scomber detections remained detectable at these detection
limit values (Fig. 3a, b).

Detection of Scomber DNA in Processed
Foods

DNA extracted from 14 types of processed foods labeled as
containing Scomber ingredients and 4 types of processed
foods without Scomber species labeling were subjected to
LAMP analysis to determine the presence of Scomber DNA.
Table 2 provides a detailed list of the processed foods used
in this study included a variety of treatments, such as mash-
ing, salting, grilling, marination, smoking, pickling, can-
ning, oil immersion, roasting, drying, miso pickling, and
dried broth. The code numbers in Table 2 correspond to
the numbers at the top of tubes in Fig. 4. As illustrated in
Fig. 4a, when using the comprehensive LAMP primer set,
positive results (indicated by a color change from purple
to blue) were observed only in reactions containing DNA
from foods labeled as Scomber-containing and a positive
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Fig.2 Detection limit of Scomber DNA by the LAMP method. The
color of the reaction solution is as described in Fig. 1. The primer
sets used in the reactions are: a comprehensive primer set, b-S. ja,
species-specific primer set for Scomber japonicus, b-S. au, species-
specific primer set for S. australasicus, b-S. sc, species-specific
primer set for S. scombrus, and b-S. co species-specific primer set for
S. colias. DNA templates labeled S. ja, S. au, S. sc, and S. co rep-
resent DNA from S. japonicus, S. australasicus, S. scombrus, and S.
colias, respectively. The amount of DNA template used in the LAMP
reactions is indicated at the top of each panel. “N” indicates absence
of template

Table 4 Detection limit of Scomber DNA by LAMP method devel-
oped in this study

Target species Detection limit

Comprehensive detection ~ Species-
specific
detection

Scomber japonicas 100 pg 1 pg
S. australasicus 100 pg 10 pg
S. scombrus 10 pg 100 pg
S. colias 100 pg 10 pg
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Fig.3 Scomber-specific LAMP in reaction mixtures containing
mixed DNA of Scomber and other species. The color of the reaction
solution is as described in Fig. 1. The primer sets used in the reac-
tions are: a comprehensive primer set, b-S. ja species-specific primer
set for Scomber japonicus, b-S. au species-specific primer set for S.
australasicus, b-S. sc species-specific primer set for S. scombrus,
and b-S. co, species-specific primer set for S. colias. DNA templates
labeled S. ja, S. au, S. sc, and S. co represent DNA from S. japonicus,
S. australasicus, S. scombrus, and S. colias, respectively, while 7 sp
denotes DNA from the seven fish species other than Scomber listed in
Table 1. The amount of Scomber DNA used in the LAMP reactions
is as follows: a 100 pg for all four Scomber species; b the detection
limit of each target Scomber species, 1 pg for S. japonicus, 10 pg for
S. australasicus, 100 pg for S. scombrus, and 10 pg for S. colias. All
reaction mixtures, except for “N” (no template), contained 10 ng of
DNA from the seven fish species, including 1.43 ng each

control containing S. japonicus-derived DNA (Fig. 4a, num-
bers 1-10, 15-18, and P). Figures 4b—e display the results
of LAMP reactions using Scomber species-specific LAMP
primer sets. Among the processed food DNA samples sub-
jected to LAMP, only the two reaction mixtures numbered
as 17 and 18, containing DNA from foods labeled as S.
colias, yielded positive results when using the S. colias-
specific LAMP primer set (Fig. 4e). For the remaining 12
processed food-derived DNA samples labeled as containing
Scomber, without specific indication of Scomber species,
positive results were obtained as follows: when using the
S. japonicus-specific LAMP primer set, samples numbered
as 1, 4-10, and 15 were positive (Fig. 4b); when using the
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Fig.4 Detection of Scomber species in processed foods by the LAMP
method. The color of the reaction solution is as described in Fig. 1.
DNA extracted from 18 processed foods listed in Table 2 was ana-
lyzed using the following LAMP primer sets: a comprehensive
LAMP primers, b Scomber japonicus specific LAMP primer set, ¢
S. australasicus specific LAMP primer set, d S. scombrus specific
LAMP primer set, and e S. colias specific LAMP primer set. The
numbers at the top of tubes denote the use of template DNA extracted
from the corresponding processed foods listed in Table 2, with iden-
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tical numbers referencing the code numbers in Table 2. Specifically,
reaction tubes 1-10 and 15-18 contained template DNA derived
from processed foods labeled as containing Scomber species (par-
ticularly 17 and 18 labeled as containing S. colias), tubes 11-14 con-
tained template DNA from processed foods without Scomber species
labeling. “P” indicates positive control using template DNA from
S. japonicus, and “N” indicates absence of template DNA. The red
numbers indicate reaction mixtures where a color change from purple
to blue was observed
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S. australasicus-specific LAMP primer set, samples num-
bered as 15 and 16 were positive (Fig. 4c); when using the
S. scombrus-specific LAMP primer set, samples numbered
as 2, 3, and 16 were positive (Fig. 4d), with sample 15 show-
ing positivity for both S. japonicus and S. australasicus, and
sample 16 showing positivity for both S. australasicus and
S. scombrus (Fig. 4).

To validate these results, the Scomber real-time PCR
detection method previously developed by us (Cui et al.
2023) was conducted using the same processed food-
derived DNA as templates. The obtained results (Table 5)
from both comprehensive Scomber PCR detection and each
Scomber species-specific real-time PCR detection matched
completely with those obtained from the LAMP detection
method (Fig. 4). Thus, our developed LAMP method for
detecting Scomber in processed foods was proven capable of
accurately detecting both Scomber and individual Scomber
species.

Discussion
In the present study, we successfully developed a novel

approach utilizing loop-mediated isothermal amplification
(LAMP) for the rapid and specific detection of Scomber

species DNA in processed foods. Through a series of experi-
ments, we validated the specificity, sensitivity, and practical
applicability of the LAMP assay.

Our designed LAMP primer sets, targeting regions within
the rDNA ITS 1 or ITS 2, were based on the previous study
indicating the high specificity of these regions for Scomber
species (Cui et al. 2023). The specificity of our primer sets
was further confirmed through experimental validation,
wherein color changes indicative of Scomber DNA pres-
ence were observed only in reactions containing Scomber
DNA, while no color change was observed in reactions with
closely related fish species or in the absence of template
DNA (Fig. 1).

The sensitivity of the LAMP method, as demonstrated
in our study, is generally considered lower than that of
real-time PCR. Various studies have reported higher sen-
sitivity levels for real-time PCR compared with LAMP in
detecting specific DNA targets. For instance, Xiong et al.
(2020) developed a LAMP method for Salmo salar with a
minimum detection limit of 50 pg, whereas their real-time
PCR method achieved a sensitivity ten times higher, with
a minimum detection limit of 5 pg. Similar findings have
been reported for other fish species, including Oncorhynchus
mykiss, Oncorhynchus keta, and Anguilla anguilla, where
LAMP detection methods exhibited detection limits ranging

Table 5 Detection of Scomber

S Code*  Species name on label ~ Detection of Scomber species
species in processed foods by
real-time PCR method Scomber spp. 8. japonicus  S. aus- S. scombrus S. colias
tralasicus
1 Scomber spp. O O X X X
2 Scomber spp. O X X O X
3 Scomber spp. O X X O X
4 Scomber spp. O O X X X
5 Scomber spp. O O X X X
6 Scomber spp. O O X X X
7 Scomber spp. O O X X X
8 Scomber spp. O O X X X
9 Scomber spp. O O X X X
10 Scomber spp. O O X X X
11 Salmon X X X X X
12 Salmon X X X X X
13 Bonito X X X X X
14 Salmon X X X X X
15 Scomber spp. O O O X X
16 Scomber spp. O X O O X
17 Scomber colias O X X X O
18 Scomber colias O X X X O

O =detected; X =not detected

* The code numbers correspond to those listed in Table 2, and those depicted in the numbers at the top of

the tubes in Fig. 4
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from 100 to 500 pg, compared with real-time PCR methods
with higher sensitivity (Espifieira and Vieites 2016; Li et al.
2022, 2013; Spielmann et al. 2019).

In our study, the sensitivity of the LAMP method was
lower compared with previous real-time PCR methods
developed for Scomber species detection (Cui et al. 2023).
However, our LAMP method demonstrated sufficient detec-
tion sensitivity for Scomber DNA in commercially processed
foods subjected to various treatments, indicating its practi-
cal utility (Fig. 4 and Table 5). The determination of detec-
tion limits revealed varying sensitivities depending on the
Scomber species and the primer sets used. While the com-
prehensive LAMP primer set exhibited a minimum detection
limit of 100 pg for most Scomber species, species-specific
primer sets enabled detection at lower concentrations, rang-
ing from 1 to 100 pg (Fig. 2 and Table 4). Importantly, these
detection limits were achieved even in the presence of DNA
from other fish species (Fig. 3), indicating the robustness of
our method in complex sample matrices.

Accurate detection of allergenic food materials, such as
mackerels of the genus Scomber, is essential for ensuring
food safety and compliance with labeling regulations, par-
ticularly in countries, such as Japan, where stringent food
labeling laws are enforced to protect consumers with food
allergies (Akiyama et al. 2011). The Japanese government
has established mandatory foods for labeling and recom-
mended foods for labeling (including Scomber mackerel),
with a labeling threshold of 10 ug protein/g food (corre-
sponding to the allergen soluble protein weight/food weight)
(Akiyama and Adachi 2021). However, the quantification
of DNA from processed foods is influenced by various
factors (e.g., heat, cutting, oxidation-reduction, pressure,
microbial fermentation, storage conditions, and temperature
during food processing), causing variations in DNA yield
and inconsistent correlation with protein content. Moreo-
ver, the diverse raw materials in processed foods make it
challenging to quantify the amount of Scomber-derived
protein present. To address these issues, we recently devel-
oped comprehensive and species-specific Scomber detec-
tion methods using real-time PCR with a detection limit of
1 pg for each (Cui et al. 2023). This study demonstrated
that using DNA extracted from mixed foods, Scomber spe-
cies could be detected if the mixed food contained 10 pg
of Scomber meat per gram. Given that 10 pg of Scomber
meat contains significantly less than 10 pg of Scomber-
derived protein, this method, while not perfect, is expected
to detect Scomber species at levels well below the allergen
labeling threshold regulated by the Japanese government.
Compared with these real-time PCR methods, the LAMP
method in the present study exhibits lower detection sensi-
tivity for Scomber species, ranging from 1 to 100 pg (Fig. 2
and Table 4) and did not examine the detection limits of
Scomber DNA in mixed foods containing Scomber meat.

However, it successfully detects Scomber species even from
various processed foods, including dried broth (Table 2),
suggesting its practical applicability for detecting Scomber
species in processed foods. Additionally, the LAMP method
allows for immediate visual confirmation of Scomber pres-
ence through a color change from purple to blue upon reac-
tion completion, offering simplicity and reducing detection
time by approximately 30—60 min compared with our real-
time PCR methods (Cui et al. 2023). LAMP also operates
at a constant temperature, eliminating the need for complex
thermal cycling equipment required for real-time PCR, thus
lowering equipment costs. The cost of reagents and dispos-
able labware for LAMP is comparable to real-time PCR.
Therefore, LAMP is advantageous for its simplicity, rapidity,
cost-effectiveness, isothermal operation that shortens assay
time, and visual detection capability, making it suitable for
on-site testing and resource-limited settings.

In conclusion, our study demonstrates the effectiveness
and practicality of loop-mediated isothermal amplifica-
tion (LAMP) as a rapid and specific method for detecting
Scomber species in processed foods. The high specificity,
simplicity, and rapidity of the LAMP method position it as a
valuable tool for food safety monitoring and regulatory com-
pliance efforts. Despite its lower sensitivity compared with
real-time PCR, the advantages of LAMP, including ease of
use and rapid results interpretation, ensure its suitability for
practical applications in various operational settings. The
present study contributes to advancing food safety initiatives
and safeguarding consumer health by providing a reliable
method for detecting allergenic ingredients in processed
foods.
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