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Abstract

Meat source fraud and adulteration scandals have led to consumer demands for accurate meat identification methods.
Nucleotide amplification assays have been proposed as an alternative method to protein-based assays for meat identifica-
tion. In this study, we designed Loop-mediated isothermal amplification (LAMP) assays targeting species-specific mito-
chondrial DNA to identify and discriminate eight meat species; cattle, pig, horse, goat, sheep, chicken, duck, and turkey.
The LAMP primer sets were designed and the target genes were discriminated according to their unique annealing temper-
ature generated by annealing curve analysis. Their unique annealing temperatures were found to be 85.5620.07°C for cattle,
84.96+0.08°C for pig, and 85.9940.05°C for horse in the BSE-LAMP set (Bos taurus, Sus scrofa domesticus and Equus
caballus); 84.91£0.11°C for goat and 83.9020.11°C for sheep in the CO-LAMP set (Capra hircus and Ovis aries); and
86.31£0.23°C for chicken, 88.6610.12°C for duck, and 84.49+0.08°C for turkey in the GAM-LAMP set (Gallus gallus,
Anas platyrhynchos and Meleagris gallopavo). No cross-reactivity was observed in each set. The limits of detection (LODs)
of the LAMP assays in raw and cooked meat were determined from 10 pg/uL to 100 fg/uL levels, and LODs in raw and
cooked meat admixtures were determined from 0.01% to 0.0001% levels. The assays were performed within 30 min and
showed greater sensitivity than that of the PCR assays. These novel LAMP assays provide a simple, rapid, accurate, and
sensitive technology for discrimination of eight meat species.
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Introduction

As consumption of animal resources increases and var-
ies, excessive and unfair competition between producers
has caused problems for consumers of meat-based foods.
Several issues include contamination of originally high-
valued meat with cheaper substitutes (beef contaminated
with horse meat), choices not to intake meat or meat
sources due to religious reasons, health problems (aller-
gies) and individual preference (vegetarian) (Bottero and
Dalmasso, 2011; Santos et al., 2012). These have led to
the growth of consumer demands for accurate meat iden-
tification methods to combat meat source fraud and adul-
teration. In response to these pressures, the industry has
developed a variety of species identification methods
(Ahmed et al., 2010; Bottero and Dalmasso, 2011; Doo-
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ley et al., 2004).

Typical methods for meat identification rely on protein
analyses, such as immunological, electrophoretic, and chro-
matographic assays (Bottero and Dalmasso, 2011; Hitch-
cock and Crimes, 1985; Proom, 1943). Enzyme-linked im-
munosorbent assays (ELISAs) are used for meat identifi-
cation by the United States Department of Agriculture
Food Safety And Inspection Service (USDA-FSIS). Sev-
eral researchers have reported that ELISA provides accu-
rate meat species identification (Macedo-Silva ef al., 2000;
Whittaker et al., 1983); however, protein analysis method
has limitations. Protein is not favorable for discriminating
processed products such as meat patties or cured, dried,
and seasoned meat, because proteins are easily denatured
by heat, salt, and pressure (Dincer et al., 1987). Proteins
are also unsuitable tools for identifying species that are
phylogenetically close, such as poultry, because of cross-
reactivity (Dooley et al., 2004).

Nucleotide amplification methods have been developed
as an alternative to protein-based methods (Dooley ef al.,
2004; Koh et al., 2011; Wolf et al., 1999). Mitochondrial
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DNA (mtDNA) has been widely used for species identifi-
cation, as it is relatively undamaged by processing and can
thus be extracted intact from cooked and processed meats
and meat products (Dooley et al., 2004). mtDNA sequen-
ces are frequently used instead of nuclear DNA for spe-
cies-specific identification for several reasons. mtDNA
exists in multiple copies (approximately 1,000 copies) per
cell (Koh et al., 2011) and is relatively tolerant of envi-
ronmental stresses such as heat, salt, and pressure. In
addition, its rate of evolution facilitates discrimination
between closely related species (Avise et al., 1987). Cyto-
chrome b and D-loop genes are used for various methods
of species identification (Dooley et al., 2004; Santos et
al.,, 2012; Wolf et al., 1999). Meanwhile, several mtDNA
genes, such as NADH dehydrogenase subunit 2 and 5
(ND2 and NDS5), ATPase 6 and 8, and cytochrome oxi-
dase subunits I and II (COI and 1II), have also used for
species identification (Dawnay et al., 2007; Hebert et al.,
2004; Kesmen et al., 2009; Kesmen et al., 2012; Verkaar
et al., 2002). Several mtDNA-targeting techniques have
been described for meat identification, including PCR
(Koh et al., 2011), real-time PCR (Dooley et al., 2004;
Santos et al., 2012), PCR-restriction fragment length
polymorphism (PCR-RFLP) (Wolf et al., 1999), random
amplification of polymorphic DNA (RAPD) (Martinez
and Malmheden Yman, 1998), DNA hybridization (Chik-
uni et al., 1990), single strand conformational polymor-
phism (SSCP), and sequencing (Girish et al., 2004). How-
ever, some methods, such as sequencing and DNA hybri-
dization, are expensive and others, such as PCR, RAPD,
and PCR-RFLP, are generally less sensitive and laborious.

Loop-mediated isothermal amplification (LAMP) is a
novel nucleotide amplification method (Francois et al.,
2011; Tomita et al., 2008). It is specific, rapid, and sensi-
tive because it employs 4 to 6 primers and specific DNA
polymerases, such as Bst or Gsp DNA polymerase, which
are capable of inducing auto-cycling strand displacement.
The reaction occurs under isothermal conditions, elimi-
nating the need for thermal cycling. To our knowledge,
the only LAMP assay for species identification has been
described with an electronic DNA sensor (Ahmed et al.,
2010); none have been developed for use with intercalat-
ing dye-based analysis systems.

In this study, we developed a real-time LAMP assay for
rapid, sensitive, and accurate species identification by tar-
geting the mtDNA of eight meats. Species discrimination
was performed based on annealing curve analysis of the
LAMP assays. The capability of LAMP assay was asse-
ssed by determining the limit of detection (LOD) and by

calculating a quantification equation for four sample
types: raw meat, cooked meat, raw meat admixtures, and
cooked meat admixtures. The LODs of LAMP assays were
compared to those of PCR assays to evaluate the LAMP
assays.

Materials and Methods

Sample preparation

Representative samples of seven meat species were pur-
chased from grocery markets in South Korea: cattle (Bos
taurus), pig (Sus scrofa domesticus), goat (Capra hircus),
sheep (Ovis aries), chicken (Gallus gallus), duck (Anas
platyrhynchos), and turkey (Meleagris gallopavo). Horse
(Equus caballus) meat was obtained from the department
of veterinary clinical pathology of Seoul National Univer-
sity. Samples (20 mg) were used for DNA extraction.
Admixtures of horse-cattle, sheep-goat, chicken-duck,
and chicken-turkey meat were prepared by combining 0.2
g of horse, sheep, and chicken meat at 0.00001 to 10% in
1.8 g of cattle, goat, duck, and turkey meat. Each sample
was then homogenized by chopping with a stainless blade
(Dorco, Korea) for 5 min. Heat-treated (cooked) meat
samples (20 mg each) were prepared by boiling raw and
admixture samples at 100°C for 5 min. DNA was extrac-
ted with the DNeasy Tissue kit (Qiagen, USA) according
to the manufacturer’s instructions. The DNA sample was
then stored at 4°C or directly used as template.

LAMP primer design

To identify each species-specific target, several mtDNA
sequences of each species were collected from GenBank.
Multiple sequence alignment using CLUSTALW in Meg
Align program of Lasergene software (DNASTAR Inc.,
USA) was used to develop a consensus sequence. Three
sets of primers targeting eight different regions of the con-
sensus sequence were designed by using LAMP designer
(Optigene Ltd., UK) after the in silico BLAST test pro-
vided in the program. The LAMP primers are listed in
Table 1.

LAMP reaction

The LAMP assay reaction conditions were optimized
using GspSSD DNA polymerase (Optigene Ltd., UK) ac-
cording to the manufacturer’s instructions. Briefly, LOD
tests were performed with 0.8 uM inner primers (FIP and
BIP), 0.4 uM loop primers (LF and LB), 0.2 uM outer
primers (F3 and B3), 1x buffer, 0.5 mM dNTPs, 4 mM
MgSO,7H,0, 1 M betaine, 0.5x Evagreen, 6 U GspSSD
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DNA polymerase, and 4 ul. DNA template in a 25 pL re-
action volume. For the cattle meat samples, 0.2 pM inner
primers (FIP and BIP), 0.1 uM loop primers (LF and LB),
and 0.05 uM outer primers (F3 and B3) were added. For
the pig meat samples, 0.27 uM inner primers (FIP and
BIP), 0.13 uM loop primers (LF and LB), 0.07 uM outer
primers (F3 and B3), 3 mM MgS0O,-7H,0, and 0.8 M be-
taine were added. For the specificity test, the LAMP sets
were organized into BSE (Bos taurus, Sus scrofa domes-
ticus and Equus caballus: cattle, pig and horse), CO (Ca-
pra hircus and Qvis aries: goat and sheep), and GAM
(Gallus gallus, Anas platyrhynchos and Meleagris gallo-
pavo: chicken, duck, and turkey) groups, with equimolar
primer amounts. Nucleotide-free distilled water was used
as a negative control and cross-reactivity with non-target
DNA samples was tested.

Temperature optimization was performed over a range
of 60 to 67°C for 30-60 min by using the block gradient
function of the Genie® II platform (Optigene Ltd., UK)
before the melting curve was generated from 98 to 80°C,
with a 1°C decrease every 5 s. The best reaction temper-
ature for each species was determined as the point of ear-
liest inflection in the amplification ratio curve. The
results were represented on the amplification graph with
fluorescence (K) on the Y-axis and time (T) on the X-
axis; positivity was determined from the detection time
(time taken to measure the fluorescence signal for a posi-
tive peak) and the mean species-specific annealing tem-
perature.

Detection limit of the LAMP and PCR assays

To determine the LOD of the LAMP and PCR assays
for raw and cooked samples of each species, 10-fold seri-
ally diluted template DNAs with concentrations ranging
from 10 ng/uL to 10 fg/ulL were tested in triplicate. In the
raw and cooked meat admixtures, target species content
was tested in triplicate from 10 to 0.0.00001%. Previ-
ously reported primers and conditions were used for the

PCR-based comparators (Koh et al., 2011) with minor
modification. Briefly, the reaction mixture contained 1x
Emerald Master Mix (Takara Biotechnology, Japan), 0.5
uM each primer, and 1 puL template. The reaction was per-
formed in a MyCycler™ Thermal Cycler (Bio-Rad Inc.,
Hercules, USA) with the following conditions; 1 cycle for
5 min at 95°C; followed by 30 cycles of 30 s at 95°C, 30
s at 57°C, and 35 s at 72°C; and 1 cycle for Smin at 72°C.
Nucleotide-free distilled water was used as a negative
control.

For each set, a standard curve based on the LAMP
results was generated by plotting the log of the detection
times versus the concentrations of template DNA or tar-
get species content. The quantification limits of the assay
were evaluated by calculating the correlation coefficient
determinants (R?) and quantification equation.

Results and Discussion

Capability of the LAMP assay

mtDNA sequences are often used to discriminate animal
species. In this study, we targeted the displacement loop
(D-loop), cytochrome b (cyt b), ATP synthase FO subunits
6 and 8, and cytochrome oxidase subunits I and II (COIL
and II) in order to find species-specific non-variable regi-
ons and to set the annealing temperatures for successful
discrimination (Table 1). The optimal reaction tempera-
tures for each LAMP assay were identified as 64.6°C for
cattle, pig, and turkey, 64.7°C for horse and sheep, 63.5°C
for goat, and 65.5°C for chicken and duck. It was also
demonstrated that the LAMP primers were specific to
their corresponding target species. No cross-reactivity was
observed within the BSE-, CO-, and GAM-LAMP groups.
Indeed, no cross-reactivity was observed when the single-
plex LAMP assays were performed for each of the 3
groups, indicating that the selected markers are suitable
for species discrimination.

Table 1. Primer sequences for LAMP used and their target regions for eight meat species

Scientific name Sequences (5’ to 3°) Ac<§(s)s1on Target regions
FIP TCCAGCTACAATAGATGCTCCGACACATAACTGTGCTGT- AY526085 D-loop
CAT
BIP GCATCTTGAGCACCAGCATAAAGTGGTGGTAGATATT- AY676864 (Displacement loop)
Cattl TAAGGG

Bos taurus Ae P ATAGCTGAGTCCAAGCATCC DQ124417
LB CAGTCAATGGTCACAGGACA IN817306
F3 GCTAATCAGCCCATGCTC NC006853

B3 TTGACTTTGITTGGAGTGCT
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Table 1. Primer sequences for LAMP used and their target regions for eight meat species (continued)

Scientific name Sequences (5’ to 3°) Acici)swn Target regions
FIP AGGGATGGGACGGCTCATGACAATCGAGTTGITCTACCA KC469586 Coll
BIP  ACAGATGCTATCCCAGGACGATCTGAGCACTGTCCGTAA  KC469587 (Cytochrome oxidase
subunit IT)
ZZ“:” ics:f{;’ Pig LF GCAGTACGTCTTCAGAGGATAC NC012095
LB CTCTAATATCCACACGACCTGG AP003428
F3 AGACTATGAAGACCTCACCTT
B3 AGIGCTGACTAGCTTCTCA
FIP CGTGGGITTGGTGGGTCATTATTCGCAGTAGCTATAATC-  AY584828 ATP synthase
CAAG FO subunit 6
BIP CCCAGCCCATGACCACTTACACATGGCTAGTCCTGATGT — EF597513
Equus caballus Horse LF GGCTTACCAGGAGAGTGAATAC EU939445
LB CCCTATCAGCCCTCCTGA FJ718997
F3 ACACCTCCTAATACACCTCAT NC001640
B3 TCGGATGATGTCTCGTCA
FIP TGITGGCGITTGTGTGGGTATACAGACATGCCAACAACC  GU068049 D-loop
BIP CACACAATGTTACGCGTATGCAGTCCGCGTTATATGGAT-  GU229280
GITA
Capra hircus  Goat LF TTGGGTTAGGATTGGGATGITT GU229281
LB AGTACATTACACCGCTCGC GU295658
F3 AACACAAACTTCCCACTCC NC005044
B3 GCTGGATTAGTACTGCATATGT
FIP GGGAGTGTTAAGTGGGTTTGCTTAGTACTATTCACGCCT- Cytb
GACT HM236179
BIP CCATACATCAAAGCAACGGAGCAGGTCGGCTACTAG- (Cytochrome b)
GATTC HM236175
Ovisaries  Sheep |k TGTCTGGGTCTCCGAGT HM236183
LB TTCCGACCAATCAGTCAATGT NC001941
F3 CTACTAATCCTCATCCTCATGC HM236185
B3 CCTCCAATTCATGTGAGTGT AY858379
FIP GGCTGGAAGAAGGAGTGATGGCCTGAACCTGACCAT-  AP003323 ATP synthase
GAAC FO subunit 8
BIP ACTTCCATCACCAGGAAACCGATCAGAGTTGGATG- AP003580 ATP synthase
GTGGA FO subunit 6
Gallus gallus — Chicken | ¢ PTG AGAATTGGTCGAAGAAGC AY235570
LB TGGATCAACAACCGCCTC AY235571
F3 CCATGATTCTCCATCATACTCC NC001323
B3 AGGATAAGTGAGGTGAGTAGG
FIP GGITGCCTGCTAGAGGTGGACCATCATTCCTCCTTCTACT EU009397 COl
BIP CCTCAGTGGACCTGGCTATCTGAAGTTAATGGCTC- EU755252 (Cytochrome
CGAGG oxidase subunit I)
plazyf;fichos Duck LF CCTCATCCACTGTAGAAGCTG EU755253
LB CTCACTTCACCTGGCTGG FI167857
F3 TTCGGCAACTGATTGGIC NC009684
B3 CATCCTGCTCCTCCTATCA
FIP AATCGICCTGGGATTGCATCTGGCTGACGATGTATTA- EF153719 D-loop
CACTCA
BIP ACCAGGAGTGTTCTACGGACAGGATTCTACTACGATAG-  JF275060
Meleagris Turkey GCATG
gallopavo LF ACTCCGAGGGTTGGTACA NC010195
LB GCGGAGCTAACCACAGIT
F3 AGTTGACCACCGTATAGTAGT

B3

AGGCTAGTGCTGATTCCA
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Fig. 1. The annealing temperature and detection time of LAMP assay in 8 meat species. The annealing temperature and detection
times of LAMP assay in (A) cattle (85.56+0.07°C), pig (84.96+0.08°C), and horse (85.99+0.05°C); (B) goat (84.91+0.11°C) and
sheep (83.90+0.11°C); and (C) chicken (86.31£0.23°C), duck (88.66+0.12°C), and turkey (84.49+0.08°C) meat. The results were
presented on the graph with annealing temperature (°C) on the Y-axis and detection time (min) on the X-axis.

Annealing temperature differences

The annealing temperatures differed for each species
within the margin of error: 85.56+0.07°C for cattle, 84.96
+0.08°C for pig, and 85.99+0.05°C for horse in the BSE-
LAMP set; 84.91+0.11°C for goat and 83.90+0.11°C for
sheep in the CO-LAMP set; and 86.314+0.23°C for chi-
cken, 88.66+0.12°C for duck, and 84.49+0.08°C for tur-
key in the GAM-LAMP set (Fig. 1). The annealing curve
showed no overlaid peaks between species in each of the
sets, revealing that annealing temperature analysis is an
excellent tool for LAMP discrimination of these eight
raw meat species. The annealing temperature is effective
for species discrimination because it differed with the
nucleotide composition and amplicon length of each tar-
get (Mouillesseaux et al., 2003). In contrast to probe-based
real-time PCR, intercalating dye-based one has many ad-
vantages. Target detection with specific probes is more
expensive than using general intercalating dyes. In addi-
tion, it is difficult to design and optimize a probe (Varga
and James, 2005). For these reasons, melting curve anal-
ysis after SYBR green-based real-time PCR has been used
to identify ruminant (cattle) and poultry (turkey) in food-

stuffs (Sakalar and Abasiyanik, 2012), discrimination of
plum pox virus isolates of strain D and M (Varga and
James, 2005), and discrimination of deer and six common
domestic species (You ef al., 2014).

LODs of LAMP assay in raw and cooked meat

samples

The LODs of LAMP and PCR assays in raw and coo-
ked meat samples are presented in Table 2. Amplification
curves corresponding to samples at 10 ng/uL to 1 pg/uL
were generated for raw pig, horse, goat, sheep, and turkey
meat; samples of 10 ng/uL to 10 pg/ul. were generated
for cattle, chicken, and duck meat. Amplification curves
corresponding to 10 ng/ul to 100 fg/ul. were generated
for cooked chicken, and from 10 ng/uL to 1 pg/uL for the
remaining cooked samples, indicating that the LAMP
assays are more sensitive than PCR by 10* to 10’ times
and 10 to 10* times in the raw and cooked meat samples,
respectively, with strong linear relationships between
detection time and template mtDNA concentration. Stud-
ies of raw horse and donkey meat samples by TagMan-
based real-time PCR have yielded LODs of 1 pg DNA in



804 Korean J. Food Sci. An., Vol. 34, No. 6 (2014)

water (Chisholm et al., 2005); the LOD for raw cattle
meat is 35 pg DNA (Zhang et al., 2007). A study that
employed a LAMP method and electrochemical DNA
sensing described LODs for pork, bovine, and chicken
samples as 20.33, 23.63, and 78.68 pg/uL. (Ahmed et al.,
2010), indicating that our LAMP assays were more sensi-
tive in these species.

In comparison to the raw meat samples, LODs were the
same or lower in cooked meat samples. Indeed, where the
same LODs were found, the detection times were faster
in cooked samples than in raw ones with the exception of
goat, sheep, and turkey. Target regions under 150 bp are
not influenced by heat treatment (Kesmen et al., 2012);
thus, the amplified regions in our study should not be
affected by cooking. Since the optimal size of the ampli-
fied region in LAMP is below 200 bp (Tomita ef al., 2008),
the method may be used for even highly degraded DNA
targets.

Cattle and pig meat are the most favored meat sources
in South Korea. In Europe, large quantities of horse meat
are produced and imported for human consumption, as
cattle meat is relatively expensive (Gill, 2005). The high
cost of cattle meat could lead to intentional contamination
with pig and horsemeat. In goats and sheep, the authenti-
cation of origin is important because of the close relation-
ship between these ruminant species. In the dairy industry,
inferior product substitutions may be made because sheep
and goat sources have nutrient and economic advantages
over cow-derived products (Cheng et al., 2006) and sheep
sources are more costly than goat sources worldwide
(Pappas et al., 2008). To our knowledge, no other studies
have aimed to discriminate goat and sheep. Thus, our
LAMP method could facilitate fast and sensitive discrim-
ination of these small ruminant species. Poultry, chicken,
duck, and turkey have also been adulterated for economic
reasons. Foie gras from goose and duck have been con-
taminated with less expensive sources such as chicken or
turkey (Rodriguez et al., 2003). Consumption of foie gras
has increased along with demands for high quality and
authentic foods, thus creating a need to prevent or detect
adulteration. Our LAMP assays could be used for fast and
sensitive monitoring for food fraud.

LODs of LAMP assay in raw and cooked meat

admixtures

In the admixture samples, horse, sheep, and chicken
meat were targeted because they are considered cheap
substitutes. The amplification curves were generated for
each target species based on detection time (77) and fluo-

rescence for 10 to 0.0001% target in non-target species
admixtures within 30 min. The LODs of LAMP and PCR
assays in raw and cooked admixture samples are pre-
sented in Table 3. Amplification curves for samples of 10
to 0.01% were generated for the chicken-duck raw meat
admixture; samples of 10 to 0.001% were used to gener-
ate curves for the remaining raw meat admixture samples.
Samples of 10 to 0.001% were used to generate curves
for sheep-goat and chicken-duck cooked meat admix-
tures, and samples of 10 to 0.01% and 10 to 0.0001%
were used to generate curves for cooked horse-cattle and
chicken-turkey admixtures, respectively. Thus, our LAMP
assays were more sensitive than PCR by 10* to 10* fold.
The LOD of PCR in heated ovine samples mixed with
oats is 0.1% (Martin et al., 2007); in poultry and ruminant
species, samples with vegetable contamination (maize)
were reported at 0.002% (Dalmasso et al., 2004). How-
ever, these results cannot be directly compared because
an LOD expressed as meat content (w/w) does not show
the absolute capability of the assay (Ballin ef al., 2009).
Further study may be needed to reevaluate previous stud-
ies with a consensus unit, such as DNA/DNA equivalents
(Ballin et al., 2009).

The annealing temperature of LAMP amplicons fell
within the unique range for each species and the negative
control was not amplified throughout the experiments. In
comparison to the raw meat samples, we observed no dif-
ference in LOD for the sheep-goat raw and cooked ad-
mixture samples; the LODs for chicken-turkey and chic-
ken-duck cooked admixtures were lower than for the raw
admixtures. Detection times were faster for cooked admix-
tures than for raw ones (Table 3), perhaps because heating
may influence the extraction efficiency of mtDNA from
the sheep-goat, chicken-turkey, and chicken-duck sam-
ples. In contrast, the LODs in cooked horse-cattle admix-
tures were greater than in the raw admixtures; detection
times and detection limits were higher for chicken-duck
than for chicken-turkey admixtures. Thus, DNA from the
non-target meat could inhibit target DNA amplification
(Dooley et al., 2004), although the annealing temperature
in raw and cooked horse-cattle admixtures was 85.75+
0.16°C and 85.59+°C, respectively, indicating successful
amplification of horse mtDNA. Since the LAMP method
is generally robust against pH, temperature changes, and
even reagent exposure, it is more sensitive and specific
than other nucleotide amplification methods (Francois et
al.,, 2011). Our LAMP assays could be used as tools to
discriminate and quantify meat species in unknown and
heat-treated samples.



Table 2. Detection time and limits of the LAMP assays in raw and cooked meat samples for eight species

Detection time Cattle Pig Horse Goat
(min) Raw Cooked Raw Cooked Raw Cooked Raw Cooked
Temp‘atte i JLAMP YPCR LAMP PCR LAMP PCR LAMP PCR LAMP PCR LAMP PCR LAMP PCR LAMP PCR
concentration
10 ng 18.5£0.3 + 16.3+£0.0 + 15.8£0.4 + 16.5£0.3 + 13.7£0.8 + 11.8+£0.0 + 13.5£0.0 + 14.3+£0.9 +
I ng 21.1+0.3 + 19.1+0.1 + 18.4+0.9 + 18.8+0.4 15.3+0.8 + 13.0+0.3 15.2+0.1 + 16.0£1.1 +
100 pg 23.8£0.4 + 22.0+0.3 + 20.5%1.5 + 20.7+0.1 17.8+0.8 + 15.2+0.4 17.240.1 + 18.1£1.4 +
10 pg 26.6+0.2 + 24.8+0.6 + 23.8+1.9 + 22.8+1.0 20.3%1.1 16.5+0.0 19.8+0.4 21.0£1.6 +
1pg 26313  + 259405 26.2+1.0 V185 24.8+0.8 247432
100 fg
10 fg
R? 0.9930 0.9933 0.9204 0.9717 0.9279 0.8552 0.9399 0.8407
Tw(°C) 85.56+0.07 85.12+0.07 84.96+0.08 84.82+0.08 85.99+0.05 85.74+0.09 84.91+0.11 84.83+0.11
Detection time Sheep Chicken Duck Turkey
(min) Raw Cooked Raw Cooked Raw Cooked Raw Cooked
Templatte . LAMP PCR LAMP PCR LAMP PCR LAMP PCR LAMP PCR LAMP PCR LAMP PCR LAMP PCR
concentration
10 ng 12.5+0.5 + 13.9+0.3 + 10.1+0.1 + 8.9+0.3 + 15.6+0.3 + 12.3+0.1 + 10.3+0.3 + 10.2+0.3 +
1ng 14.3+£0.3 + 15.8+0.1 + 11.8+0.6 + 10.2+0.3 + 17.7+0.4 + 14.3+£0.3 + 11.4+0.1 + 11.2+0.1 +
100 pg 16.6+0.5 + 18.0+0.3 13.5+0.4 11.7+0.1 21.0+1.6 + 16.0+0.0 + 12.8+0.0 12.84+0.0
10 pg 20.0+£0.0 20.5+0.5 16.7+0.9 13.6+0.6 27.6£0.2 + 18.3+0.3 16.3£0.7 14.3+0.7
1 pg 9243 23.0+1.1 14.9+0.6 29.5+0.0 18.4+0.2 21.3£2.2
100 fg 917.8
10 fg
R? 0.9599 0.9768 0.9338 0.9683 0.9023 0.7814 0.9446 0.7912
T,.(°C) 83.90+0.11 83.89+0.11 86.31+0.23 86.40+0.10 88.66+0.12 88.58+0.12 84.49+0.08 84.74+0.08

DLAMP results were presented with detection time (mean£standard deviation) of the triplicate. ?PCR results were determined as positive (+) and negative (-). YOne positive result was
observed in the triplicate.

Table 3. Detection time and limits of the LAMP assays for raw and cooked meat admixture samples

Detection time Horse-cattle Sheep-goat Chicken-duck Chicken-turkey
(min) Raw Cooked Raw Cooked Raw Cooked Raw Cooked
1 ..
'Composition LAMP YPCR LAMP PCR LAMP PCR LAMP PCR LAMP PCR LAMP PCR LAMP PCR LAMP PCR
of target meat (%)
10 23504  + 28500 + 16.750.7  + 33500  + T0.250.5 ¥ 93100 T 9.0504 T 9.120.1 T
1 13.740.3 + 14.140.1 17.840.8 15.840.6  + 11.10.1 + 10.0£0.5 + 10.140.5  + 10.640.1 +
0.1 15.7+0.5 16.6+0.1 19.6+0.8 17.6+0.4 12.840.0 11.6£0.4 11.840.7  + 12.140.1
0.01 17.740.6 922.0 22.3+0.7 19.8+0.4 15.0+0.8 13.4+0.5 13.6+0.4 14.0+0.3
0.001 9223 29.440.2 26.0+3.2 18.8+1.1 16.2+1.9 17.3+1.6
0.0001 17.5+0.7
0.00001
R? 0.9255 0.8856 0.8430 0.8506 0.9279 0.8552 0.8939 0.9359
T, (°C) 85.75+0.16 85.59+0.22 83.960.12 83.86+0.19 86.35+0.15 86.27+0.11 86.340.11 86.32+0.12

DThe admixtures of horse-cattle, sheep-goat, chicken-duck, and chicken-turkey meat were prepared by combining 0.2 g of horse, sheep, and chicken meat at 0.00001 to 10% in 1.8 g of
cattle, goat, duck, and turkey meat.

ILAMRP results were presented with detection time (meanstandard deviation) of the triplicate.

9PCR results were determined as positive (+) and negative (-).

“One positive result was observed in the triplicate.
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We developed a LAMP assay combined with annealing
curve analysis to identify and discriminate eight meat spe-
cies. We designed the LAMP primers for specific ampli-
fication of mtDNA regions in each target species. The
annealing temperatures for each species were unique in
three sets. No cross-reaction was observed in cattle-pig-
horse (BSE), goat-sheep (CO), and chicken-duck-turkey
(GAM) samples. The detection limits of the LAMP assays
in raw meat, cooked meat, raw admixtures, and cooked
admixtures were determined in 30 min and revealed grea-
ter sensitivity than PCR assays. The LAMP assays are
simple, rapid, accurate, and sensitive for discrimination of
eight meat species and could be used to support meat spe-
cies identification to combat meat source fraud and adul-
teration. Further study may be needed to verify the utility
of the LAMP assays for other animal products such as
milk, milk powder, cheese, and smoked or frozen meats.
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