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ABSTRACT - Loop-mediated isothermal amplification (LAMP) is a novel molecular detection method that is
faster and simpler than polymerase chain reaction (PCR). A LAMP method for rapidly detecting enterotoxigenic
Bacillus cereus and B. thuringiensis in food was developed and evaluated. Four primers, including outer and inner
primers, were specifically designed to recognize the bceT gene of B. cereus and B. thuringiensis. The specificity and
limit of detection (LOD) of the LAMP assay were 100% and 10 CFU/reaction, respectively. The developed assay was
used to analyze enterotoxigenic (bceT) B. cereus strains in various artificially inoculated food samples. All 20 foods,
including Sunsik and combat rations, contaminated with enterotoxigenic B. cereus strains were identified as positive.
In conclusion, the proposed enterotoxigenic B. cereus-and B. thuringiensis-specific LAMP assays provide robust,
innovative, and powerful molecular diagnostic methods that can be used in food safety testing services and by public

health authorities.
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Lee 579 Wk2™ B. cereus®] bcel, hbl Z cytK 7
A7t AEEE &S ZH7 87.1%, 48.7% 2 66.7%H S
H, & 2 AFoNAM= beeT A7}V B. thuringiensis
(95%)2} B. cereus 15(88%)°NA AF HEHT B
T, Agata 5V beelT FAAT} 2F55S o=
g FRlston, ol o]&3t B. cereus LwolA %
=4 AR & Bacillus spp.& Fels=d a3 &
At B 7 Aok AFNA 54 47 T B cereus
£ AE37] A3l 54 DNA A ¥S 7E3h= PCR, real-
time PCR 52| #¥o] AL EHATHY. B8-0| entT, entFM,
HCD, NHE % cytK 325 7E3h= ths PCR A&
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307101, 37478 9] #Aprt A AT EFAle] o

ToR F2 EY, WA, & T AAA g FEsh
22 W, %7 5o A8 29uel ow, wAege
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g5t dAHshke SAxNEFS dEd &9 7H =
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ME AEE5 St

VAT E beeT FAAE 7IHIeE A= F47
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Materials and Methods

Eo)d Y AT Zo1Z AP #F U DNA ==
LAMPS] Eol4< glslr] 9lste] 47709 FF #F
£ AMESITH(Table 1). LAMPS] AESAS Hdl vl

H B. cereus ATCC 13061 ((£= B. thuringiensis ATCC
700872)% 10mL2] 0.1% 4= SNEFO dAgA 72
1.0x10°%-1.0x10" CFU/MLL.Z 108 914 34 &3t} wi
slajle] x3tE B cereus (B B. thuringiensis)?] &
37°Coll A 24A17F Wl FSt nutrient agar (Oxoid)®] M 4
= 249

Template DNAE FE317] 9alilA] ol dAdA =
717ke] #FE WA WS F2YUE FHlskden, HE
A DAlIM = ZH2te] #ES 1.0x10%-1.0x10" CFU/mLE]
T5 FHo| Yo FH|SIATE ohket o5 P 2%
SA oA DNAS FE3t== AAIE AE< dynabeads
DNA direct™ universal 7]E(Invitrogen, Carlsbad, CA, USA)
E ARgele] Al zARe] A 3ol WEF DNAS FE313tt



Table 1. Bacterial strains (n=47) used to test the specificity of the
LAMP assay

. . LAMP
Species Strain (s) results
ATCC" 13061, KACC? 10001,
) KACC 10004, KACC 10097,
Bacillus cereus +

KACC 11240, KACC 13066,
KACC 13074, KACC 13752

ATCC 700872, KACC 10169,
KACC 10170, KACC 10173,
KACC 10175, KACC 12061,  +
KACC 12078, KACC 12087,

B. thuringiensis

KACC 12089,
B. weihenstephanensis KACC 13051 -
B. licheniformis KACC 10476 -
B. mycoides KACC 12063 -
B. amyloliquefaiens KACC 10116 -
B. subtilis ATCC 6051, KACC 12680 -
Clostridium perfringens ATCC 3629 -
C. puniceum KACC 13160 -
C. acetobytylicum KACC 13413 -

Escherichia coli
E. coli O157:H7

ATCC 25922, ATCC 9873 -
ATCC 43888, ATCC 43890 -

Listeria monocytogenes ATCC 15313, ATCC 15311 -

L. ivanovii ATCC 19119 -
L. innocua ATCC 33090 -
Staphylococcus aureus ATCC 25923 -
Lactobacillus plantarium ATCC 8014 -
Campylobacter jejuni ATCC 33560 -
Campylobacter coli ATCC 33559 -
Salmonella enteritidis ATCC 13076 -
S. paratyphi ATCC 11511 -
S. typhimurium ATCC 13311 -
S. newport ATCC 6962 -
S. london ATCC 8389 -
Shigella dysenteriae ATCC 13313 -
Shigella flexneri ATCC 12026 -
Citrobacter freundii ATCC 6750 -
Proteus mirabilis ATCC 25933 -

YATCC: american type culture collection.
YKACC: Korean agricultural culture collections.

Primer TJX}Q1 9! LAMP PCR, Real-time PCR X1

Aol AFEE LAMP primers beeT 7+ AHGenBank acess
numbaer, D17312)0l] E=Al|3l= A1 Gl w2} PrimerExplorer V4
AXEYol X2 T3 (http://primerexplorerjp/  elamp4.0.0/
index-html)ell 93 A A= ATt LAMPo| ARE-¥ 3 2 9
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primer= F3, 5-GTAACAAAGAAAAAGAGATAGAGAG-3)
B3, 5-TGAATTTCGAGTTACTCCAAAT-3"; FIP, 5-GCGCTGT
TGAAACTAACTCTTTCAT GAGATTAACAAATGAATTCGC
G-3'; BIP, 5-GTATCGGTCGTTCACTCGGGGA TCATCTACA
ACACCACTCAA-3' ©]t}. 30 pmol2] primer FIP & BIP, 4
pmol®] primer F3 % B3, 25uL2] 10x reation buffer,
12 mmol/L MgSO,, 1.0 M betaine, 1.0 mmol/Le] dNTPs,
100 ng2] template DNA, 8 US| Bst DNA T3 & & (New
England Biolabs, Ipswich, MA, USA)E Al&3lt
LAMP ¥-8-2 358 324ZF(Jeiotech, Daejeon, Korea)
oA 65°C, 601 &t WHEAIZ T 80°ColA 42 &<t
HHSA Zi T

LAMP ¥h-3-% 7|95 37l S8l wlola=23 7]
s Al2="9l MultiNa (Shimadzu, Kyoto, Japan)E ©]-&

5
312132, DNA 2500 7] E(Shimadzu)E AH&-3t1th. LAMP
W A ES MultiNa® 7]7]9] o] A7]dF kg &
MultiNa Viewer 22X Eo]?E Al8-3lo] EA3H
LAMP ¥k3- A Eo] S0]d= FHel 2 uL SYBR green
(Takara, Kusatsu, Japan)E& 3713t & 334 HslE Az}
EEERE DTS

PCRZ 100 pmol®] primer(5-CGT ATC GGT CGT
TCA CTC GG-3', 5-GTT GAT TTT CCG TAG CCT
GGG-3'"), 10x reaction buffer, 2.5 mM MgCl, 200 uM
dNTPs, 1U2] Taq DNA 3= 2 (iNtRON, Seongnam,
Korea) 2 1.0 uL9] template DNA7} 2% 0.2 mL FE
ANM HFE F3 50 L= FR AT PCR 2702 94°C
oA 28E7ke] 27] WAAIZ] tha, 94°C 13, 58°C 142,
72°C 222 35 cycle® 3} o, F 72°ColA 5&7F
Bh&3k Tk 7F PCR A2 MultiNa®E 43t}
Real-time PCR< 12.5puL TagMan Universal PCR

Master Mix (Applied Biosystems, Waltham, MA, USA)<}
primer(5'-GCG GCG TGC CTA ATA CAT GC-3'(2.5 pL,

300 nM), 5-CTC AGG TCG GCT ACG CAT CG-3'(2.5 uL,
300nM) ¥ TagMan probe (5'-FAM-TCG AGC GAA
TGG ATT AAG AC TTG C-BHQ-3', 2.5 pL, 250 nM) 2
Template DNAE 713l ¥H-3A1F T ¥H-8-2 QuantStudio
real-time PCR (Applied Biosystems, Waltham, MA, USA)
S AFg3le] 50°CollA] 2%, 95°CellA] 108 wkg-g Tk
95°CollA] 15%, 60°CollA 60 <t 403] WHE-E} T2,

A2 FH 3 AR B

e LAMPS] AFAS AE7) A8M Bh, 2%
VR, A, Fas a5F, 1A Aoy, a3
WA, TR, A 2%, S4FEAF 8F [Home Meal
Replacement (HMR) 4237] W] 15, HMR AlE3%
1%, WIE 2%, RN 0%, YERSY 25 3 207}

A &S FH|FEA QXS E B cereus & HEIIA T
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Zbzy A EFS 10g8 E B'd ¥ (whirl-pak, 19x30 cm;
Nasco, Fort Atkinson, W1, USA)ell Y3 B. cereus ATCC
13061 € 10° cfu/g ©l3t, 10>-10* cfu/g3} 10° cfu/g ©17¢
o] 3 TR TEE HIst HAPsinh. 7} A& +#
AN 1 mLE 3,000 xgollA 30% & 4°CollA LAEE
staL sl 9] ] fAFEHS IAAES AASA vt
& FES 2ASHA FHste] 13,000 xgollA 587 4°C
ol YRS IAHES | mL Tris-EDTA $H&9l(pH
.02 23 A AHSATY. dynabeads DNA direct™
universal 7] E(Invitrogen, Carlsbad, CA, USA)E A3}
DNAS FZsI3it

Results and Discussion

LAMP S} £

LAMP A4E2 B. cereus B B. thuringiensis < 177}
EFdT BEFAA HEHJUC. B amylofaciens, B.
weihenstephanensisS X33 307 50l LAMPY
2] Wkg-o] YEelA] ettH(Table 1). ©]#8 A= PCR
9 real-time PCREZ 92 Ao} dx|glor, Jgd T3
2 #AHA] Fger =2 Eolido] YETH(Data not

shown).
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Table 2. The limits of detection by LAMP, PCR and Real-time
PCR

Strains LAMP" PCR? Real-time PCR
(CFU) (CFU) (CFU)
B. cereus
ATCC 13061 10 100 10
B. thuringiensis 10 100 10

ATCC 700872

YLAMP: loop-mediated isothermal amplification.
YPCR: polymerase chain reaction.

LAMP 2] A& 2N

B. cereus ATCC 13061 2 B. thuringiensis ATCC 700872
o] A= DNAE 1<% 3]4]3le] LAMP, PCR ¥ real-time
PCRO| AZ3IAE B3N S™, o]= B cereus ¥ B.
thuringiensis 2] #4& AZ 7} CFUE RIste AH 3}
ATh(Table 2). LAMP®] &= 10(CFU/MNH)CE 1}
ERdth. PCR¥ real-time PCRE] &A= 22t 100(CFU/
&) 10(CFU/RES ol ATH(Fig. 2). webA LAMPS] 7
3= 71 PCREL A& 10v] ¥ =gker o)z o
T AAIZF PCR 4 9] A& FdsHAnH?.

LAMPS] AH=e 17195 A w47 S<¢te= &
A= Ron, F W] Az XS THFig. 1). PCRZ
real-time PCR Z}7} 4A) 7k} 2A)7F o]AF AQH whd,
LAMPE beeT A 2ol 1AM o] Ae]A] eodt).

)
1 2 3 4 5 6

Fig. 1. LAMP assay reactions. (a) Electrophoresis of LAMP products, (b) Visual detection of LAMP products from the nucleic acid of
serially diluted pure B. cereus ATCC 13061; water was used as a negative control. The detection limit was 10' CFU/mL. 1: negative
control, 2 : 1x10*CFU, 3 : 1x10° CFU, 4 : 1x10* CFU, 5 : 1x10' CFU, 6 : 1x10° CFU
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Fig. 2. Results of PCR and real-time PCR reactions. (a) Electrophoresis of PCR products; PCR results from the viable cell counts of
serially diluted pure B. cereus ATCC 13061; water was used as a negative control. The limit of detection was 10> CFU/mL. SM: Size
marker, 1: negative control, 2 : 1x10* CFU, 3 : 1x10* CFU, 4 : 1x10> CFU, 5 : 1x10' CFU, (b) Results of real-time PCR; The limit of
detection was 10' CFU/mL. 1 : 1x10°CFU, 2 : 1x10* CFU, 3 : 1x10' CFU

LAMP WHg- A ES] 719 F A, ths M=o 544
Q1 AbttE] #j'o] YERSTHFig. la). ©] AbthE] HiEl
LAMP &%°] 54oln £3 F32¢] Stem-loop T3
Ad DNA7F A HAS omigith. <tz g<l3s}y]
84 LAMP %HS- A& ¥E3-E2-S SYBR Green |
S A3 e, DNA AAES SYBR Green I0] e
A R oz sl wiEe] LAMP WHSEES] &
15 ¢ & Uth(Fig. 1b).

o
5
=

=

™

AYH o2 HFAZ MBOMY LAMP 2
AREAE 12, AT Fo] X3 AN E 85 F
AR S B. cereus ATCC 13061 =
9H o2 QAANA LAMP #4513 th(Table 3). 1913

|

L AEME AEHE, WFAA, 4,
A2 g ARG Y, Fas, A2 UWIE, AR,
YEE-Suke] A9 10 CFU/g oleH, 26 w5373
UIE A EL 10° CFU/g - 10* CFU/g
AtelelA AEEAL, 1 9= 1P =242, vlEdlolx,
27|m g3, FeolAE 10* CFU/g °)4oldt) 53] &
4 A 2 JEF, A9 59 2F WEYEE I3

24, 9% Fe) 4FNE LAMP
[e)

2 Ueht LAMP HEgol]l 9&o] e Aoz dActdr)
B. cereus & =40 Mdo|PE AAY Mo &9 A
gr1o]l AAEA Aok AF 71E 2 FE= B. cereus

Table 3. Detection of enterotoxigenic B. cereus in experimentally
inoculated foods by using LAMP

Food category Foods Ir“e/;ll\ﬁfs’
Milk powder ++
Pepper powder T
Soy sauce 4+
Oyster sauce 4+
Pepper paste ++
General processed foods Soy paste A
Salad dressing ++
Marinade -+
Cabbage Kimchi
Raddish Kimchi
Sunsik 1
Sunsik 2
Beef seaweeds soop +++
Meat boiled soup 4+
meal kit set 1 ++
Instant cooked foods meal kit set 2 A
Combat ration 1
Combat ration 2
Frozen mixed rice 1 ++
Frozen mixed rice 2 ++

-: Not detected, -+: Detected less than 10*> CFU/g, ++: Detected between
10> CFU/g and 10* CFU/g, +++: Detected more than 10* CFU/g.
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Az, 7FH-Ed85e AQd), v E= EdA
AU B o] b, THExEE A ¥aL AR
A3ske 7HAF el 1,000(CFU o] 3}/g) o]ojol g}

oFFAAL tigo® HAHI e AXE FF 74
FOR 7FEsA 3 ) o EA] WHoRE Az
7] el f18HE 7t HA FeH B cereus7t L2
Atk AAZ o] HAX A B cereus?} 1,000(CFU/g)
d AEE] AF7IE 2 A0 FAES Hee 2
ARIZE 7] well Aol Fei7F ash 4
o7|%= sttt gk HFEAF] 9 Tracey A7 B
SR AAE BRo] BT AHT]E oletE EA=
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ozleon, o|F oty flste] AEA BT IES
st Ao ATES FaATI7|E St o]
H ASE s feiMe de 7Iedd 9 fEle s
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Wyl YAl BAgelet & 4 Utk LAMP 8
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ZZ wgs 47195 5 A% N7 34 A3kl
Q

Q8jt} B3 502 wh3al7]9] DNA ¥W4o]
glo] DNA ZZ¢] T&o] ETb"™. LAMP W4

o] AT EFEFF 47%F0| 3 EolAHE XA
o, 17709 A=24 FHR} S B. cereus B B. thuringiensis
& LAMPE &g Az % FAdo|em vmx|
2 #F0A F8o=2 YEeth LAMPY HAESAE
10(CFU/RES) S = PCRE| HEFHAIETE 108] T F17Ha}A]
9k, real-time PCRI= FAMSHAl UERGTE 1980z
TH 2Fo ALY S o AESAVE 10° CFU 22 3%
ANA ARgEH7 1ol Aokt Wholgta & ¢ k. ohRk 2
F9] MEZ 2o mepxy f2] Fol M7t AFe] AL,
LAMP ®Eg-& AT & s7ldl A 5 AAT I8
7F AT,

AEHOE LAMPE 54§44 & B
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Folth. o] 71&e B3] AEY 2 Ago
A =

I

=K
At 7]¥ PCR ¥ real-time PCR3} 22
LAMP= A% ihe 2710] FQskA] @ow 4% v
£ A& Aoy 54 AH|7F daskA] &tk LAMPY
Zheket F2 AF A 2 A 7] 19¥ AE

oF H F=E24 B cereus 3 Y ol TRt
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2 oE P
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Loop-mediated isothermal amplification (LAMP)+= PCR
Hop w23 HES Q2 2 4E dolth £ AT
M= &EANA QHE Bacillus cereus 1w 5 25
S Y F A= beeT FAAE 7 B. cereus®t B.
thuringiensiss A58 2AZ317] €18 LAMP WS 7N
el etk LAMP WH e o F zalo|m e} Yy
zatolu| 5 XS 79 Zeto|mE ARE-SH] wiie] T
E A R Solido] =tk A9 S, LAMPY]
= 100%3 o.M, &A= 10(CFU/MEE)o]A T
2 gk A FollA QIH R HEs Ami
A2} S+ B. cereus 1w-S A5t Hl ARESHATH
W7 A ol SHxEAE T AR E, Y53
9 5 29l 207119 BE A FoA H 83l AES

1S

BT/

-

32
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