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Abstract: Listeria monocytogenes, as a major causative agent of foodborne illness outbreaks, poses
a serious threat to food safety and public health. In complex foodborne pathogen environments, the
specific and effective detection methods for L. monocytogenes are crucial. [Objective] To develop a
novel recombinase-aided amplification-exonuclease (RAA-exo) assay for detecting L. monocytogenes.
[Methods] Multiple RAA primer and probe sets targeting hly were designed, and the optimal
primer set was selected based on nucleic acid amplification efficiency. The reaction system was
rigorously optimized, focusing on the concentrations of A buffer, B buffer, and RAA primers
and probe. [Results] The optimized RAA-exo assay showed a limit of detection (LOD) of
0.5 copies/pL for recombinant plasmids and 10 CFU/mL for L. monocytogenes suspensions.
The assay demonstrated high specificity, selectively detecting L. monocytogenes without cross-
reactivity to other common foodborne pathogens, including Salmonella, Escherichia coli,
Staphylococcus aureus, Bacillus cereus, or other Listeria species (L. ovinae, L. seeligeri, and
L. innocua). In a validation study using 44 pork samples, the RAA-exo assay results were in
complete agreement with those of the real-time fluorescence PCR internal standard method
outlined in the industry standard SN/T 5224—2019. [Conclusion] The developed RAA-exo assay
exhibits high sensitivity and specificity, requires minimal hands-on time, and achieves detection
within 20 min at 37 °C. Therefore, the assay is suitable for rapid, on-site testing, serving as an
efficient and convenient tool for L. monocytogenes detection, with promising applications in food
safety monitoring.

Keywords: Listeria monocytogenes; nucleic acid testing; RAA-exo
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A 2 R B ) 22—, AL 2 R B e —
FheEE 2N F B, AT al R NS i .
VOIS | B R A E P o I R A T X
AL, AN AL Sy B A ™
R, I RIETS ik 20%-30%4, H,
A BR S M ATY A PR 2 3 A R R G 19 1)
XA 25 8 AR AR 1 ™ A Pk, ™
R AN AR AT A A Ik, S
SEXT LM 75 J% A I AT s 45, iR T A X LM 2
S —FioRE R HE 0 PO A I ik, DAESh R Sk
i NPT =y Gy

BEXF LM AN J7 ik 24, A AE AL Ge d a
B 35 07 1R K R 5 W B 7 (enzyme-linked
immuno sorbent assay, ELISA)!®! | B & ik X
A G4
IR 18 7 (loop-mediated isothermal amplification,
LAMP) ™ & 4 5 & i P 14 £ AR (recombinase
polymerase amplification, RPA)"” | T4 fifi /i T4~
1 37 K (recombinase aided amplification, RAA)%
PRI A . H, RPA Fl RAA HARSEH
LRSI F VAN AV AST ¥ a1 N A TNTTRARINE ¢
PR g S5 PR A58 88 e A PR A I ) 2 T B, —
HTAERPRAAR], 7 37-42 «ClHRE AT T
Y&, il B PSS 5 R A DNA RA5
AIEREIVER, P AR (30 min NZEMD) . B
AT 2R B v (AT A U B4 DUAZ ), T VTG 27
1, & EHEZE IR . RAA Fil RPA (%0
Moy SRR L —3, FEZ X
TFHEERATE AR, 1 H RPA £ AR A FAEE S,
BAE e HAE G FEIAG T RAA WUAH T BE B 3K
B, S1EMMEEEFRIT AL, RPA A1 RAA
FEAR RS I R T Sy T B, A DU B[R] DB H 4
JE2 30 min ;5 ELISA £RMLE, #AERFR
faTf , JoRT PGHl A ek SUA; 5 PCR R
HHEE, JoRT e SN A, WICTE & 2% IR PR
FPOEE AR ORIZESY), eI T B AT S i 4
BB, R I R R AR, 30 min A ELHESE
BRI s 5 LAMP £0RM L, RFE X519,

J; (polymerase chain reaction, PCR)!! |

WE T m BN A, BRI R
AR, Bz, BTN RRAR R TGN
il 75 H PCR HAR YA L, W BERl Bt 7% J
i DX 1 B DR A I B Ry A AU, B RS TR
A, FHF5EE K RPA/RAA $ R 5 CRISPR/Cas
f A BT UIE AR i) 2 AR 4K 4% (lateral flow
assay, LFA) VRIS PIMZE &, 42T T
RPA/RAA BRI L&MW T1 . Hrh Dkt 4%
BORA R, TEDRAFEREFRAE A [7) e e L e
JEMm R L, HA CRISPR/Cas X A 57 1)
HOR TG AT AR, BA ) i
BT, ARHEGE BT ST — T Y B 4 Ry
RAA-%M ] i (RAA-exonuclease, RAA-ex0) 7%
ik, WIEE N DU R R 30 TR L R
R s S R HRERHOR SR

1 MRE5rZE

1.1 Ekk

PROHE AR T kR TR (Listeria monocytogenes)
EGD-e. 4% FZ2M R (Listeria ivanii). 78 /K2
Wy B 1 (Listeria seeligeri). ¢ va, 2% Wt B 1
WK (Salmonella)
CVCC541., K 3 #F B (Escherichia coli) ATCC
25922 4 {0 %) % BR I (Staphylococcus aureus)
ATCC 29213, I ¥ #F 5 (Bacillus cereus) ATCC
11778 BJORAF T W LAR MR = S Wy Ry B2 27 5 2
A
1.2 EZFILER

ZC-RAA" Basic Kits, ZC-RAA" exo Kits,
B AR AE R A IR A R IR AhdR L, b
IR ERCARAT ;s 1xTE Zrhil, HETA:
Y TRE(EHE) B A IRA T IR AW, il
RIZTDEYREARAF ;i Fok/ NP
HAEBOAR &, IR A HARA R
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FOEE i PCRAY, ZHEHERHL (TP E)ARA R ;
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FRHLUKAL, LR —EYRHHEA R A W R
HEBEGAN, IR A= R A BR A R
1.3 SI¥IFIRETIIRIT S AR

FIH Primer 6.0 3K {FEF XTHE 41 hily FEPH 15
T Rp S A D S 2R TR TR ) RAA 51
55 exo #RET, FTA TREHSZAEHONA e YR
ARAF G, BRSSP o) an sk 1
NS
1.4 RAA 5|#)ffi%k

BEF PHAME FURE S % (5% 10° copies/uL), 5
R RAA S AT AR & T REAil RAA 7
H4 )2 i (alF/alR ., alF/a2R. alF/a3R. a2F/alR.
a2F/a2R. a2F/a3R. a3F/alR. a3F/a2R. a3F/a3R,
ad4F/alR, a4F/a2R. a4F/a3R., a5F/alR., aS5F/a2R,

a5F/a3R,  blF/bIR,  blF/b2R,  blF/b3R,
blF/b4R.  Db2F/bIR.  b2F/b2R.  b2F/b3R.
b2F/b4R.  b3F/bIR.  b3F/b2R.  b3F/b3R.

=1 AR ARIRAASIYIFNIRETF S

b3F/b4R.  b4F/IR.  b4F/b2R,  b4F/b3R,
b4F/b4R), HEHLY HERCRE = B 5 | WAL & itk A5 2¢
Ot RAA §7 380, LAY 3G AR YR 07 18 1 A
FEBCXT %6 . JERE RAA S A6 RAA
43 0 45 B8 ZC-RAA® Basic Kits, ZC-RAA® exo
Kits Bi 541 .
1.5 RAA-exo R NIKRFRAIMIL

FET Ik A fE RAA 519, 11k RAA-
exo WK ZR , 439X A buffer (10%). B buffer
(280 nmol/L). RAA 5| ¥ (10 pumol/L) 1 ¥ %f
(10 pmol/L) AT AL . L 5%10° copies/uL
Bk R SRR AT 98O0 RAA N, 5t
RAA 3 BARUR S5 = AL o300 M de e AR 2R
Horr A buffer i & 734 20.0. 22.5, 25.0.
27.5. 30.0 pL; B buffer (1 & 4> 51~ 2.00.
225, 2,50, 2.75, 3.00 uL; RAA 5|¥04 &%
MM 1.6, 1.8, 2.0, 2.2, 2.4, 2.6 uL; FEHAY
FHHE 510 0.4, 0.5, 0.6, 0.7, 0.8 puL.

Table 1 Sequence of primers and probes used in this study

Sequence names Sequences (5 —3")

ACAACTTGAATGTCTGCATTATTTTGAT[FAM-dT]G[]THF][BHQ1-dT]GGATTTCTTCTTT-C3

LM-Probe-1

LM-hly-F1-a TTCATCCATGGCACCACCAGCATCTCCGCCT
LM-hly-F2-a CGCCTGCAAGTCCTAAGACGCCAATCGAAA
LM-hly-F3-a GTCCTAAGACGCCAATCGAAAAGAAACACGCGGA
LM-hly-F4-a TGAAATCGATAAGTATATACAAGGATTGGATTA
LM-hly-F5-a TATACCACGGAGATGCAGTGACAAATGTGCCGC
LM-hly-R1-a AGAGCACCTGGATAGGTTAGGCTCGAAATTGCAT
LM-Aly-R2-a CTAATTCCGAATTCGCTTTTACGAGAGCACCT
LM-hly-R3-a TTAATGAATCACGTTTTACAGGGAGAACATCTGG
LM-hly-F1-b AACAACGCAGTAAATACATTAGTGGAAAGATG
LM-hly-F2-b TTGATTATGATGACGAAATGGCTTACAGTGA
LM-hly-F3-b ATGGCTTACAGTGAATCACAATTAATTGCGAAA
LM-hly-F4-b AGCATTTAAAGCTGTAAATAATAGCTTGAATG
LM-hly-R1-b AGGTCTTGTAGGTTCATTAACATTCACGTTA
LM-hly-R2-b ACTGCTCTTTAGTAACAGCTTTGCCGAA
LM-hly-R3-b CAAGCGCTTGCAACTGCTCTTTAGTAACAGC
LM-hly-R4-b ACGCCACACTTGAGATATATGCAGGAGGA
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PR o 1o B34t = T A5 T 6 B R L 8 SRR R
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10", 5 CFU/mL, ¥ H B PH P45 S 0 fe Ak i o
B2 BT R TRV E AR PR
1.7 $FRM4sLie

VPRI W I EGD-e. 47 F 2 BRI
PRI RR A . JOim s R RR T . W TTIREA
CVCC541, KIHHFHE ATCC 25922, 48 {434
BRTA ATCC 29213 FIHEFE ZEHIFT 7 ATCC 11778
PEATHRE SRR S, X r A 4 R 15 = A T A% R
RO, FHEE ddH,O 1E R BHPEXT A
1.8 FIMMLIE

K28 FURE fb S Ik w28 R A i, B
ZEWTRETRIAE S RVRE S R AN N B2 LOD. 48
FESALERS , R 3 HER R A TR, AR
HER AT 5 YIS o MR PR AEHLI E (R 25
JAKEAS [ GRS 0 7 2: RAUE B2
1.9 SCRRFE SR

N T 28 B 1 2 W 45 TR T R 0 TR R
44y, BL10 g SERNAE S DIEF )55 90 mL LB A
WIRA, B 15 min, £E 0.9 mL &) 4y
SIS R MR B Y B3 2R e o, RV TR S .
SRIGHS 40 Dy HE PARE SR FFTEL, 8T HEF i 2%
BCERE BIIFREE LA 500 r/min {RH 0 30 s LA
FBRAORLE AUk, B S50 uL B3-S 50 uL
¥ 1R 241 W (& 2% Triton X-100, 10 mmol/L
Tris-HCl. 5 mmol/L EDTA. 5% Chelex-100.
0.2 mol/L M 0%, pH 8.0)IWIENE Y 2 min, R
12 000 r/min 20> 1 min, BT FEATR RGN
Wt 44 358 AR S S 2R UL IR 5 . 530
RAA-exo. 1TMARHE SN/T 5224—2019 47 1y
SERTHE O PCR PIbR: RIS SR TR . AR 4R 2 Ff

Tk ki 25 9, AL RAA-exo 54Tk AR
SN/T 5224—2019 154 B . SN/T 5224—2019
U DG B E R A B B A E AT A
SRRR CH B A% A R A 2 T R TR A
Y5 5 - SEIE 9 PCR AREE), HAZ O JE M
1 Y BAA% 20 39 A 2 B e e 4 (K v L g
WA B4 B DA 26

2 BRE5M

2.1 51E RAA S|¥IHIFRE

BEAW L. FUsIWmE T aE, J
AT R RAA P73 . 25 ILIEI 1A, 1B, alF/
aSF/alR/a3R 5| ¥41 & 9 HERCR I = F b1F/
b4F/bIR/bAR GG, HILHEH alF/aSF/alR/
a3R S G AT — i iE . R 2L A
RAA P alF/a5F/alR/a3R 5|40 & HRE IR 1
R, SERE 1C R Fra s A A s
Fe by 2k . 255 R aSF/alR 4140 H 0
A 3 min,  BCHAD G| 9 206 9 4 05 e [) #6
KL i H. aSF/alR 4& 9 6om B i s, Ul
W] a5F/alR 06 BA RSP HR0CE, KIZER
aSF/alR HAVE N IZ B 2 K7 T RAA-exo J5
ERIOE/ L8
2.2 RAA-exo R N{KRBIFHE

RAA-exo JZ WK R B AL g UL 2, 4
A buffer fifi Ffl &M 20.0 pL B0 & 25.0 pL W~
HORORIRE P, TAkSEE N A buffer i HEY"
BRI R R, R A buffer BfA3d FH A
25.0 uL. 4N 2B Bz, 24 B buffer {1
2.00 pL BEHNZE 2.25 uL B, P HERCR BT R,
ITARSERE I B buffer (AR HERCR M R,
It B buffer fiefE i A 2.25 uL, 41 2C i,
MBI YA RN 1.6 pL B9 = 1.8 uL i, 3~
HORCRBEW R, T ARSI G | Wy Y
RO B R 4w, DR 5 | 4 s A o
1.8 uL. Wil 2D Fron, AR A A
0.4 uL B4INZE 0.7 uL, ¥ HEHCRGHIE S, Mgk
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Figure 1 RAA primer screening results. A: Primer screening result 1 by nucleic acid electrophoresis; B: Primer
screening result 2 by nucleic acid electrophoresis; C: Primer screening result by fluorescence method.
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Figure 2 Optimization results of the RAA-exo reaction system. A: A buffer; B: B buffer; C: RAA primers; D:

Probe.
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Figure 3  Evaluation results of the method’s performances. A: Sensitivity of plasmid; B: Sensitivity of bacterial

liquid; C: Specificity.
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Figure 4 Detection results of actual samples. A: RAA-exo detection results for samples 1 to 26; B: RAA-exo
detection results for samples 27 to 44; C: SN/T 5224—2019 detection results for samples 1 to 26; D: SN/T
5224—2019 detection results for samples 27 to 44; E: Detection of the tolerance of nucleic acid lysis solution to
pork; F: Analysis chart for detection results of RAA-exo and SN/T 5224—2019.
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RAA-exo [ Z5 2R ULIEL 4A F1 4B, 47k brife
SN/T 5224—2019 Bzl 45 5 UK 4C F1 4D, R
TG 2 A5 Bk ARG 0 &5 SR R ek 4 SR %) A 5 b v
il 2 B, WE 4F, K 4F 25T RAA-exo
A1 SN/T 5224—2019 LKA Hl/E R . Bt X
A AU SN/ T 5224—2019 (9 CAi, LA 35 M4y
F, CAE/NT 35 BN BHYEREA, it 35 R
FAVEREAS s ¥ %l & RAA-exo 5 ) 52 BrRE &
B o Ot ok B E , & Y “Threshold value” &
RAA-exo WRIME, 7EBI{EHLLL LAY FHPEREAS,
T BB L & IR A . ARAE 2 Fhor ik 45 A
49 ) s o G R 0 A AT R, A R R
RAA-exo K th BHPEREA 22 4, BAYEREAS 22 4>
(K 4A. 4B); 17k An#E SN/T 5224—2019 ki i
PHEEFEA 16 4>, BAYEREAS 28 1~ (&] 4C. 4D),
T BAT AR ME SN/T 5224—2019 VM ids A A6
Y B PEREAS TE RAA-exo Kl Hp 4146t o %o
T2 FFEAR(TE RAA-exo G, THAEFT L bR
SN/T 5224—2019 KA ) AT T M+ 450
I, 2557200 RAA-exo [OR N 285 5 5 5F- 4 3 T
Bk —30, RWARTEE RAA-exo BRI &5 S XF
SEBRFEA BRI A5 5L 2 T SR

3 Wib54#

PAMAZHTRE R ORI . TR . R B
HASRIRPUTE, Wb 164 7= g A 2 A v s e
b, Wl Bk e R A YORIRYY
Rl i B A AE e, BRI ST G
gt , mEEHE 2 hEE, AEL. ZFEAN
DA 2GR F U0, Bk RN 2 5 & b
LM V5 A BB AR A G, 4k, i
BARAASH R R A R A R E K, LR
T2 T8 R ik B 3T X T 20 B
ZE A TR R B, A BRI 2 A i BT
ik 3.78%, WA ™ Mo LSBT E
il ik 32.68%!", LB AR TR B R — D N F It
SRR, B2 R RO AR R A A
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BRSPS L L WYX 3 AR
AR, PRI R IR 100%%, LR ™
HELTFHE . X—FRIVEHRMNE T LM 42
FE AR S ok () LRk, PRI DTS o
S B, T R AR R RS I T v DA S
AT, PRBE R & a5 AR

VT RLAESR A1 X LM B 8 ST 22 Al s 4G
HAR . Bty PR R R gk AR S T —Fh B4
SEPERTIN P60 £ 1 Y 3Je.0y ELISA Jrik, 4277
R sk o sk PR AR T R I B IR 5 3k
P AR 10 b 28 B e AR R, A ST WU AR e o0
ELISA 753, KPRk 10° CFU/mL, 848 i1 2]
i3 Y ActA PR3 ELISA A &, B 46
IRR 4 28 2 h, RS AR SR 2 100%
F193.3%. 45 ELISA J7 il i e 45y . Xt
PREERAN ), (A RBUEME T AT 12w
RFEME 22, H T ZECEA TR IG B AN o o
Prikml &, SREEHH AR . 5T EY¥
LW AR B B TR ] R
FVEE SRR i B IR0, BT B LA R A 0
A ELRTENE AL B UL 3 2. £ 8 PCR ] i@ it 1%
T2 S5 ) S PR 22 90 5T 1% ) st Gz
11 Boukharouba Z524 5 57 7 — vl [a] i A6 1 £
St R IAAF I . R AR TR TR L VDT TG R A
B0 A 4 BRI 9 £ B PCR ¥k, KPR ik
10 pg/uL. SERF7E5E PCR I8 I XF 52 56 4L R 1
TS EEE AR, Ak R P T B AR
b 2 B N7 AT X 43R B 5 3 TR SE R 21 PCR
FAR, KMBREAEA N 55 CFU. %7 PCR
ARR KA T RGHEEAER , 813 2O0F 5 KD
) D WS 7N/} i B o AP0 DAER 10 TR
BAE BRI A0 M BE K R IR N MRS N ST T
PRI 2 R TR R U PCR R Ty i, e fiK
KM BR A 6.65 copies/uL. R4 PCR £ A 7E LM
RO 437 4uk 2% B HH R A g AL 3, SR
B E BES . IRFIAE Z A PVE AR, FR
il 7 HAE R ST T, AEEEIRY R
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Table 2 Comparison of common nucleic acid detection methods
Methods Detection Reaction Main materials Cost of single
temperature time reaction
PCR Transformation: 1-2h Primers, probes, hot-start polymerase Three yuan
95°C
Annealing: 55 °C
Extrusion: 72 °C
LAMP 65 °C constant 60 min BST polymerase, lock-type probes, primers Three yuan
temperature and sixty fen
RPA fluorescence 37 °C constant 15-30 min ~ RAA reaction proteinase, primers, probes and RAA Five yuan and
method temperature reaction buffer twenty fen
RAA fluorescence
method
RPA test strip 37 °C constant 25-40 min RAA reaction protease, primers, probes and RAA Eleven yuan
RAA test strip temperature reaction buffer, lateral flow chromatography test strip  and twenty fen
RPA-CRISPR/Cas 37 °C constant 40-60 min  RAA reaction protease, RAA reaction buffer, Cas Nine yuan and
and temperature protein, primers, CrRNA, probe forty fen

RAA-CRISPR/Cas

BB A . BRT-IEEPTEX LM I RSFIEH actd
#ES7 LAMP il 77k, REE IS 64 copies/pL.
AT 2 S PSR T YA R A R s . 1 [l s ARG
T A 1 2 i Rl AR 4 € 7 28 K R Y BR A
SR R (DRQ-LAMP), £F%F LM Ay 461l
RN 7.3x107 copies/g. 5 2% % P A 1 14 4%
)5, LAMP i 3 vk PR BE S ol o v B 28 3
FE T A HEFR M 6.4x10% CFU/g (K14 1) AR 2
6.4x10' CFU/g, 454 6 h i B i 1) 4 i 7
8h M. HIR LAMP e T & 24 I HAE IR FE P,
AHY MR R 2%, TERIRHE A 4-6 M5
PES I AT SO, A= Amic A4 i, [ AG:
DU B2 23k 60 °C,  Jf-AR S B e s ksl Ay 5
L% . RPA il RAA HORGEAT HAMR L HATE 2
PROHARS I B AR TR BB, AT AE 37-42 °ClE R
T AR, Al (30 min N SEK), REUE
B BRI RPA/RAA AR 59800 . 4t
%15 F1 CRISPR/Cas Bk & i, #F — &
RPA/RAA Fi R RBEE | ek, DRY Ky
TRRI R TG . SR EPORET hlyd FERIF K9
TGS RAA PREAG A, R 5 AR A 0 R Sy

1 copy/uL, FEBAZRREALKNER 4 10° CFU/mL.
Garrido-Maestu 25 BUHF 5% JF & T % 6/ RPA
N F AR = SCfakEAR T LM, H LODso
6.3 CFU/25 g, Chen %P27E LFA (i 4 40k
WORLAE A PEOCIRET LA i R, PR T —H
RPA-LFA, TJ7E37°CT ., 30 min P[RR 3 Fl
PR FAR, Horp LM B9 BR & 9 CFU/mL.
Yang %% 57 T LM ) RAA-CRISPR Casl2a
R 7, PR AR R 7 350 CFU/mL, it
B ARSI PR A 5.4%10° ng/uL. Xiao Z5PYAGHF
FIFKR T —F LM i) RAA-CRISPR/Cas12a il
Jiik, HAGMIFR &y 4.4 CFU/g, Hirp, ikt
WA BORAN S, TEOR P BERAE 1Y [R] I S 2 &
TURR L RN i R L3, %5 CRISPR/Cas J 25y
YT AR AR AR AR I AL, A T
P,

itk — AR TR RAA () REEE, A
GERAL T 28 T B 25 A, A S — TR Y
2 Wi 5 T RAA-exo K il 7 ik o A AF 9% 3 T 40
FH hly it — R 5] RAA 5191, 81 AR
A XY BRI, BE sED I A E N
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aSF/alR. JEFHRAEMSIY, REMILNIER,
{45 A buffer, B buffer. RAA 5|4 FIEEE ) ffi
i, BERFT HEMREE . Fr R miE
WRE . ARk RE VAL 45 AT, X I AR
P RAA-exo Kl 5 2 8 80 s bl i) RAKE, I
{RAGINBRIA 0.5 copies/uL. [R]H AR S5 o i 4
WA T, R SRR L PU /RS
HrRP oA . D v 2 B R TR A LA R R B TS 2
XN, XFYR TR CVCC541. K #F &
ATCC 25922, & ¥ (A% KA ATCC 29213, 1
FEZFAFT B ATCC 11778 25 LR Y5 250 i to
TeAE XN o TESEBRAE A B B, 44 0355 A
FEAS AN 45 SR HERA 2% 5 T SN/T 5224—2019 17
Prik, BUE T RIS R EEE, BeAh, %
K 5 ARV EIR BEAR (37 °C), JCE 2RI HIE AR
B, K JE 15,20 min), U S WOk HE B
MR, B IR P BOS & FRF S fEfi i, XS
PETE R, FE B SRR A R 2 R A R A A
S EA T RTS8 T .

& STk = PR

ERUE . AT, BRI, RE X
o EAER: BdEodr, Sk Wimds. BdEiES
WA TR BEOCE; RELL: Jrikie; fTE
Fl: BPFRERR s R WEFE, RALVTIR; BA
B RUETR, JUPULG, WIHEH,; R R
&, RBUEE, BEICE,

1EZ MR AT ERR

VEH PRI AEATAT ] BE 2 RN A WS E P i o5 T
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