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Abstract

Rapid, early, accurate detection and identification of the various pathogenic agents associated with the
development of biological weapons is critical in preventing loss of life and limiting the impact of these organisms
when used against civilian or military targets. The aim of this study was to produce a system for the simple,
rapid, accurate and simultaneous detection and identification of Ricin, Botulinum toxin B and Staphylococcal
enterotoxin B as a proof of principle for developing field appropriate reverse transcription loop-mediated isothermal
amplification systems for the accurate identification of potential biological threats. These systems were designed to

facilitate the identification of potential threats even in remote or resource-limited locations.
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% ¥ (Loop-mediated isothermal amplification, LAMP)
R} 22 ojn] gyl FF Wyl Hj3) i
shal AgEek gikEs ATt A= 3
ojtiPl LAMPE %S WIHtE, Hol4

Edoz sz a4 v
cHI S ES A T H5A
aL, S dak Al oS 53t
o AR ZA AL AE (Center for Disease Control and
prevention, CDC)= AAETHe] gt F8 AF =4
2 BE#%E =2 (Botulinum toxin, BoNT), EF&*~E7]
O HIZPAx 42 54 24 524 [Ricin) 2
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% SEB®] 37p4] Hael] dieiM AlGd Ad W A
e 9% RT-LAMP 78k 24 7)<zoll thad ol
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T@lo]lm e} T ZH = Ricin, BONT-B 2 SEB9| =
P21 E 3} PrimerExplorer V5(HTTP://primerexploer.jp/e/)
£ AFE3le] Ricin, BONT-B 2 SEBo| 50]%2l A|
7HA Zetolw] AER AAEIth ZF Zefolm AE
= 6709 Eg}o|n(F3, B3, FIP, BIP, LF ¥ LB)Z -
A=o19) o™ innerF-E outer XElo]H7x|e] H|&
(2:2:1.75:1.75:5:2:33} 2:2:8:8:4:2:2) W&k, LAHH
25(55 °CHE 65 °C)olA RT-LAMP FH]S A}-8-38}
of % FAS g<lste] WY AeE vuste]
HA 30k Zefoln AEC] AR Table 19 U
SF ik 7} Sl dlelE® A7g¥ LBP Zetoln
(5-3F[Ricin: Cy5, BoNT-B: Hex % SEB: FAM)7| 3l
th LBP Zilo|n|= ths WhgolA] 7heh wig] Z2H
2 ZF835kaL, LBP Ald o] EA3 2719 A =
EHQPI % QR2yF F7HSl0] vlEeld wgae W
ARk, R 2} LBP Sefolul 2 (L) M4,
5 adola] H ARA AP Z2H A MIS
st 24 Al 54 A4S FXlgs AES 7
S 1= RT-LAMP 2132 WarmStrart LAMP kit
(NEB InC., USA)®t ApA|H o2 53k Zefolu] §ie
HE3} |28 525 o] &3l WheEe A2
uMe] F3¥} B3, 8 uM2] FIP$} BIP, 4 uM2] LF, 2 uM
9] LB9} LBP, 10X quencher probe mix(4 uM quencher
1 solution, 2 uM quencher 2 solution), 1X Isothermal
buffer(10 mM Tris, pH 7.5, 50 mM NaCl, 1 mM EDTA)
oA T4 QA4AES annealing 1] LI LE|=
£ heating blockoll A 23 &< WAAIZL £ 25 °CollA]
73] Y7H3ck. RT-LAMPS] 79, WarmStart LAMP
2X master mix 12 ulL, 10X LAMP primer mix 1 uL,
10X quencher probe mix 1 pL, nuclease-free water 9.5 pL
o] Z3E37 DNA template 1 pLE &335ke] A&
e 212 29w Ed QE =& heating blockol A]
95 °CollA 23 F]F WA F- 25 °CollA 3]
cooling 3+ ¥, QuantStudio 6 Real-time PCR Detection
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Table 1. The multiplex RT-LAMP primer sets used in this study

(;?éi;) Name Sequences (5’ to 3) L(?:Srt)h
Ricin_F3 CTTCCTACTAATAATACACAACCTT 25
Ricin B3 TGTTTCCCGTATATTAGAATCAC 23
Ricin_FIP AGTCCTCTATCCATACTTGTCCACTGACAACCATTGTTGGGCTA 44
Ricin Ricin BIP GCAGTGAAAAGGCTGAACAACAGTGTAAGGCAATTATCTCGGTT 44
Ricin LF TGCTTGCAAGCACAGAC 17
Ricin LB TGGGCTCTTTATGCAGATG 19
Ricin LBP Cy5-GTCAGTGCAGGCTCCCGTGTTAGGACGAGGGTAGGGTAGGTGGGCTC 55
- TTTATGCAGATG
BoNT-B F3 GCCAGTTTTAAATGAAAATGAGAC 24
BoNT-B B3 CTACTTTAATGCCATATAATCCATG 25
BoNT-B_FIP GCTTACATATTCTGGGCAAAACTTCAAAATCATTTTGCATCAAGGGA 47
BoNT-B BoNT-B_BIP TGTTCAAGAAAACAAAGGCGAGTTTCATGCATTAATATCAAGGC 44
BoNT-B LF CATTATACCCCCGAAGCCT 19
BoNT-B LB AGTATATTTAATAGACGTGG 20
BoNT-B LBP HEX-CGGGCCCGTACAAAGGGAACACCCACACTCGTAGGAGTATATTTAA 55
- TAGACGTGG
SEB F3 GTTCGGGTATTTGAAGATGG 20
SEB B3 CAAATTTATCTCCTGGTGCA 20
SEB FIP CACCAAATAGTGACGAGTTAGGTAAGACGTACAAACTAATAAGAAAAAG 49
SEB SEB BIP ACTCTATGAATTTAACAACTCGCCTGTCATACCAAAAGCTATTCTCAT 48
SEB LF TCTAATTCTTGAGCAGTCAC 20
SEB LB TATGAAACGGGATATATTAAATTTATAG 28
SEB LBP CGGGCCCGTACAAAGGGAACACCCACACTCGTAGGGTATGAAACGGGAT 55
- ATATTAAATTTATAG
Quencher | BHQ_Probe_I GAGTGTGGGTGTTCCCTTTGTACGGGCCCG-BHQI 24
Probe BHQ Probe 2 CCTACCCTCGTCCTAACACGGGAGCCTGCACTGAC-BHQ2 25

System(Applied Biosystems, USA) ﬂﬂloﬂfﬂ 61 °CollA
6013F W& X3tk RT-LAMP o] Wzt
F71E 9letel ®F RT-PCR Hc}‘?j} H] aLsk ATt
RT-PCR "W'H-2 PCR premix, primer mix 900 nmole,
template cDNA, nuclease-free water® ¥3}+3F & 20 uL

o] HR-E-S 95 °ColAd 10 WA, 95 OCOM 10%,

518/ B=FAL S 7148 3] ] A27E A43.2024F 8Y)

55 °Col 4 13 annealing 40 cycle® 3= 2t} Ricin,
BoNT-B % SEBE %A 0= 3= t}% RT-LAMP ¥
28 A% LAMP H'H2]l 7% Ricin, BoNT-B 2 SEB
of it Al 7HA Etelw AEZ F4% LAMP >~}
ol mixE AF&EIAY ©o]F LAMP HMHoA EA
x4 g digh xatolm AES] XFS ARSI
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#HZ 3 A(Limits Of Detection, LOD) 542 ¢35}
¥A A2 DNAZ 1x10°5-E 1x10? ng/ul 7HA] 10
v &l B A ste] AbRks AFS sty Sol=
AFS H8liA 14719] wlo]ef2~ #5F Al S (Hantaan
virus, Seoul virus, Puumala virus, Severe acute
respiratory syndrome coronavirus 2, Severe fever with
thrombocytopenia syndrome virus, human coronavirus
OC43, Japanese encephalitis virus, Coxsakievirus,
Echovirus, Rhinovirus, Parainfluenza-typel, Plasmodium
vivax-1, Plasmodium vivax-2, Plasmodium vivax-3), 2071
o] urg|g]o} W Ha 34t A S (Shigella boydii, Shigella
dysenteriae type 1, Shigella sonnei 2009, Shigella flexneri,
Salmonella enterica serovar Typhimurium, Vibrio cholerae
Ol1, Vibrio cholerae 0139, Abrin, Brucella melitensis,
Francisella tularensis, Botulinum toxin type A, C, D, E,
Bacillus anthracis(BA) &Sterne, BA HS, BA KJ, BA
Sterne, BA 14578, BA HY1) 1x10* pg/uLS AF&-3}3itt

3. & 1t

FS Zalold % H|S3) "ZE] = A4 dlk
s HHEﬂéOH =Z&59S W F3, B3, FIP, BIP, LF,
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$43 g AHaLE 93 FPstArkFig D).
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Primer optimization of our single reaction RT—
LAMP detection assays. Various concentration
ratios of each of the primer sets for each of
our RT-LAMP assays were evaluated, including
changes in the forward: reverse primer ratios
for the F3, B3, FIP, BIP, LF, LB and LBP.
a) 2:2:1.7511.75:5:2:3 and b) 2:2:8:8:4:2:2,
Red, green, and blue lines indicate Ricin,
BoNT-B, and SEB, respectively. ARn(delta Rn):
The magnitude of the signal generated under
specific PCR conditions, threshold values:
The level of determined by the a average
standard deviation of Rn during the initial PCR
cycles, modified by a factor, and positioned
within the exponential amplification phase of
PCR products
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temperatures(55-65 C at 2 T intervals, a) 55 T,
65 C) were tested and 61 C was chosen as the

optimal temperature for LAMP amplification. ARn(delta Rn): The magnitude of the signal generated
under specific PCR conditions, threshold values: The level of determined by the a average standard
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Fig. 2. Optimizing RT-LAMP assay temperature. Different
b) 57 C, ¢) 59 C, d) 61 C, e) 63 T and f)
deviation of Rn during the initial PCR cycles,
exponential amplification phase of PCR products
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Aol Aggk AiaE yehdtks Aol E1EAT

RT-LAMP #2418 3714 S0 dalA 107 pgule+s

e g 1A ol FEF 4 UUTh LAMPY)

EF FAe Be £79 awd ugns debin

2 > 0.96 Ricin, R* > 0.99 BoNT-B % R? > 0.98 SEB).
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modified by a factor, and positioned within the

Ricin, BoNT-B % SEB ¥Z9l| st H#& 3HA|(LOD)=
Z}zF 1.2x107 pg/uL, 5.0x10° pg/ul 2 1.7x10* pg/uL
2 SRIHATE RT-LAMP 412 - & w4

WA o2 7]% RT-PCR WA ETE 10~1,0009] o %8
g we A& £xvt AHor 4 glon, F 7}

A 212 A A A Fasire oy
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Fig. 3. Sensitivity evaluation of the RT-LAMP assay. 10—fold serial dilutions of a) Ricin, b) BoNT-B, and c) SEB
templates from 10° to 1072 pg/uL were tested. ARn(delta Rn): The magnitude of the signal generated
under specific PCR conditions, threshold values: The level of determined by the a average standard
deviation of Rn during the initial PCR cycles, modified by a factor, and positioned within the exponential
amplification phase of PCR products

RT-LAMP7} & WIZF=9} whe e Aj7ke] s o= EF DNA HIZ3S AMEste] BAo] map ul
B oS tK(Table 2). RT-LAMPE ¥% DNAQ| F%7} < 7FsdE wiAIFEL Zatolr o] A Kol A}
1.2x102 pg/uLFE 1.7x10* pg/uLsl Z7iold LA 43 A|EE-S Table 39 f.9Fste] Al Ricin,
L5oA 20408 W FHEo] 73R, RT-PCRE BoNT-B 2 SEB o= 367}A vlolz]2, wleglo}
7% DNA F% 85x10° pg/ult-El 4.4x10" pgulZs 2 =4 FAIx10* pguL)e] EHE O] k. dhue]
HEske oF 2-3X7H40 cycle)o] AoHA) 2t A AME FEO X3 367149 BUA A AE S
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Table 2. Comparison RT-LAMP and RT-PCR
property man RT-LAMP RT-PCR
Ricin 1.2 x 107 pg/uL Ricin 8.5 x 10" pg/uL
Sensitivity (LOD) BoNT-B 5.0 x 10® pg/uL BoNT-B 2.6 x 10" pg/uL
SEB 1.7 x 10* pg/uL SEB 44 x 10" pg/uL

Detection time

Rapid (requires less than 1 hr)

Slow (requires approximately 2~3 hrs)

Temperature conditions

Constant temperature (55-65 °C)

Variable temperature

Cost

Cost-effective

Expensive

A1 Ricin, BoNT-B 3! SEBeI| tijafjA{nt
o, oleld AnE Eapo] X e
So)4e glalgn.

UE HHe] BA AEe

9 AN ek, ejste]
o w@ H2E golshl ] As) e YeE
Hgate] Fe W oF LelmyAeEs b W
%] (Oligonucleotide Strand Displacement, OSD) X Z B &
AAGEHBIB oD TRHE 5 EE 3 k] §
3 vAE E3ehe 4 43 ZeH 3 3 E= S
ool A AR WYgE 5 A Sy Ed L
BT R s

A LE =R 10~11719] o

N
S

B F w2
1 Qg M3 Qo] BH AY Zeus FE 4
5 Aole] 2 At Fobd A DNA FF b
go] mrk GOl o] FEe YA 23
& Roste] 9 FEE AT 7 ZEps A
2 e 99 Ausa A e 432

UEel} ] wlEo] 0SD XZEE thE RT-LAMP 4
of "¢ Z3gsltt. t}E RT-LAMPE ARE3lo] Ricin,

BoNT-B ¥ SEB %45 Aol 2Hsly] 94 ol
g OsD Z2HE AU} Ricin 54 OSD Z2H
= Cy5, BoNT-B 54 OSD ZZHi= HEX, SEB 574
0OSD T2H= FAMOZ o83l A3} =
ZHE 54 493y 540 Qs 7 o TF At
Bol migsleg £ ANFE 593 HkS oA A
= et 78 5 vk Fig 4014 Hole A
3} o] OSD ZEH = 7} LAMP s 7/fE# o
AAste] g Hg AsEs AT Ak v

=] [e)
wAe

RT-LAMP gk 7je] FH-Hol Ricin(Cy5)/BoNT-B
(Hex), BoNT-B(Hex)/SEB(FAM), Ricin(Cy5) SEB(FAM)

522 / St A B 88 A A|27d Al45(2024'A 89)

fd

2 Ricin(Cy5)/BoNT-B(Hex)/SEB(FAM)2] #3to =
oA 7hsd ZRHE ARESte] ASEIh v

L

zpoluiel BIZEE B ERR A9 Ricin(Cys)
/BoNT-B(Hex)2] threshold value(Ct #k) 46.84/38.66,

BoNT-B(Hex)/SEB(FAM)2] Ct %k 42.05/27.08, Ricin(Cy5)
/SEB(FAM)2] Ct %k 45.25/27.13, 2 Ricin(Cy5)/BoNT-B

(Hex)/SEB(FAM)2] Ct #k 43.8/34.94/28.63 0.2 ©]
ol e} §IZElS o] &3k A AT Ricin®] Ct %k 42.05,
BoNT-B9] Ct #t 38.94, SEB(FAM)Y Ct %k 26.40)l
vl A Ct #kol 1~4 cycle =7 BRI TF &7}
=2 Zlo] ARAHAANE B4 Eoldofl= st fl
Z glo] 9

72 54§30

nS I off ol
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Table 3. Results of cross—reactivity(specificity) of the multiplex RT-LAMP assay

No Sample Type LAMP mix
1 HTNV_76-118 RNA Undetermined
2 SEOV_80-39 RNA Undetermined
3 PUUV_sotkamo RNA Undetermined
4 SARS-CoV-2 RNA Undetermined
5 SFTSV RNA Undetermined
6 hCoV-0C43 RNA Undetermined
7 JEV RNA Undetermined
8 CoxsakieV RNA Undetermined
9 EchoV RNA Undetermined
10 RhinoV RNA Undetermined
11 Parainfluenza-typel RNA Undetermined
12 Plasmodium vivax-1 RNA Undetermined
13 Plasmodium vivax-2 RNA Undetermined
14 Plasmodium vivax-3 RNA Undetermined
15 Shigella sonnei 22530 gDNA Undetermined
16 Shigella boydii gDNA Undetermined
17 Shigella dysenteriae type 1 gDNA Undetermined
18 Shigella sonnei 2009 gDNA Undetermined
19 Shigella flexneri gDNA Undetermined
20 Salmonella enterica Serovar Typhimurium gDNA Undetermined
21 Vibrio cholerae O1 gDNA Undetermined
22 Vibrio cholerae O139 gDNA Undetermined
23 Abrin gDNA Undetermined
24 Brucella melitensis gDNA Undetermined
25 Francisella tularensis gDNA Undetermined
26 Botulinum toxin type A (BoNT/A) gDNA Undetermined
27 Bont/C gDNA Undetermined
28 Bont/D gDNA Undetermined
29 Bont/E gDNA Undetermined
30 Bacillus anthracis (BA) dSterne gDNA Undetermined
31 BA HS gDNA Undetermined
32 BA KJ gDNA Undetermined
33 BA Sterne gDNA Undetermined
34 BA 14578 gDNA Undetermined
35 BA HY1 gDNA Undetermined
36 NTC Undetermined

NTC: Negative template control

AL elr) 4 eke] A 42778 Al4s024d 89) /523
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Fig. 4. Multiplex capabilities of various RT— LAMP assays. Simultaneous detection of a—c) single(Ricin, BoNT-B,
and SEB), d—f) duplex(Ricin and BoNT-B, Ricin and SEB, and SEB and BoNT-B), g) triplex(Ricin,
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signal generated under specific PCR conditions, threshold values: The level of determined by the a
average standard deviation of Rn during the initial PCR cycles, modified by a factor, and positioned within
the exponential amplification phase of PCR products
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