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A dual enzymatic recombinase amplification method for rapid
detection of six foodborne pathogens in formula milk powder
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Abstract: [Objective] To establish a dual detection method for contaminations by six foodborne
pathogens (Cronobacter, Escherichia coli O157:H7, Bacillus cereus, Staphylococcus aureus, Salmonella,
and Listeria monocytogenes) in formula milk powder in a rapid manner. [Methods] Enzymatic
recombinase amplification (ERA) is a novel isothermal amplification technology that exponentially
amplifies trace amounts of DNA or RNA in 10-30 min at 25-42 °C. The primers and probe of ERA
for the detection of Cronobacter were designed. Meanwhile, the ERA primers and probes suitable
for the detection of E. coli O157:H7, B. cereus, S. aureus, Salmonella, and L. monocytogenes were
screened. Further, through pairwise combination and cross-reactivity analysis, as well as method
optimization, the dual ERA detection system was established. The limit of detection and accuracy
of the method were determined by application of this method in the detection of simulated
contaminations and actual samples.[Results] Three groups of dual ERA systems were established,
achieving the detection of six pathogens in 16 min 10 s. The established method showed the
sensitivity of 1 ng/uL in the DNA detection of the combinations of Cronobacter with E. coli
0157:H7, B. cereus, and S. aureus, while it showed the sensitivity of 10™" ng/uL in the DNA
detection of Salmonella and L. monocytogenes. The results of the simulation contaminations
showed that the limit of detection of the method was 1 CFU/mL. The dual ERA method established
in this study was then adopted to detect 37 commercially available formula milk powder samples
near the expiration date. The detection rates of B. cereus and L. monocytogenes were 37.84% and
21.62%, respectively. The results were consistent with those of the real-time PCR (industry
standard method), confirming the accuracy of the dual ERA method established in this study.
[Conclusion] The dual ERA method established in this study exhibits high specificity and high
sensitivity. Moreover, it takes merely approximately 25 min from DNA extraction to obtaining the
detection results, and it is capable of simultaneously detecting six pathogens, demonstrating high
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efficiency. This method is of importance for the rapid screening of foodborne pathogens.
Keywords: formula milk powder; enzymatic recombinase amplification; foodborne pathogens;

rapid detection
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A= W) B PR 98 o0 (Deutsche Sammlung von
Mikroorganismen, DSM), % [] i Y B Ff £ 7k
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W, PHEIR IR, 100 °CHN#A 5 min J5
16 000xg &5.0> 2 min, HX 50 uL 3k RI N DNA
Bt , MHAR L 5 T°-20 °CIRAF-
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ThermoFisher



HHEfE % | bk, 2025, 65(3)

1323

x1 AWMRETAERESR

Table 1 The information of strains used in this study

Strains number Genus name Bacterial strains Source

1 Cronobacter Cronobacter sakazakii ATCC 29544
2 Cronobacter muytjensii ATCC 51329
3 Cronobacter malonaticus DSM 18702
4 Cronobacter dublinensis DSM 18705

5 Cronobacter universalis NCTC 9529
6 Cronobacter turicensis DSM 18703
7 Cronobacter condimenti LMG 26250
8 Cronobacter dublinensis subsp. lactaridi DSM 18707
9 Cronobacter dublinensis subsp. lausannensis LMG 23824
10 Escherichia coli Escherichia coli O157:H7 ATCC 43895
11 Escherichia coli O157:H7 NCTC 12900
12 Escherichia coli O157:H7 ATCC 43889
13 Escherichia coli H11:0130 1QCC 50170
14 Escherichia coli H7:028ac IQCC 30146
15 Escherichia coli H11:078 IQCC 30120
16 Escherichia coli IQCC 10198
17 Escherichia coli CMCC 44104
18 Escherichia coli ATCC 11775
19 Escherichia hermannii IQCC 10117
20 Bacillus cereus Bacillus cereus ATCC 10876
21 Bacillus cereus CMCC 63303
22 Bacillus cereus ATCC 11778
23 Bacillus cereus ATCC 33019
24 Others Listeria monocytogenes ATCC 13932
25 Salmonella enterica ATCC 43971
26 Staphylococcus aureus ATCC 12600
27 Yersinia enterorcolitica ATCC 27729
28 Vibrio parahaemolyticus ATCC 33847
29 Streptococcus hemolytic-p CMCC 32210
30 Vibrio parahaemolyticus IQCC 12312
31 Listeria ivanovii ATCC 19119
32 Pseudomonas aeruginosa ATCC 25619
33 Shigella flexneri CMCC 51571
34 Pseudomonas Fluorescens ATCC 17397

DSM 18703, 7 B} v ¥ 345 B #T 1/ (Cronobacter
condimenti) LMG 26250, #BHIAK 57 3 v 7 FT 18
Wk . Fh (Cronobacter dublinensis subsp. lactaridi)
DSM 18707 A4 AF1 bR 5 % T H AT BT 345 5% 1 Fif

(Cronobacter dublinensis

subsp. lausannensis)

LMG 23824, LA K HAth 3 5 £ 5 B0 1 14 5k
€45 1 X (outer membrane protein X, OmpX )3k [A]
JF91, FH ClustalX # 4t 17 2 ¥ 5] L Xt
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Figure 1 The screening results of primers and probes. A: Amplification results of designed the primers and
probe of K-F/R/P for Cronobacter; B—G: Amplification results of six groups of primers and probes for E. coli:
rfbE2-F/R/P, rfbE1-F/R/P, rfbE3-F/R/P, flic-F/R/P, STX-F/R/P, VP4-F/R/P in ERA detection system; H:
Amplification results of the primers and probe of L-F/R/P for B. cereus in ERA detection system. The strain

names and strain numbers corresponding to 1-23 are shown in Table 1. CK represents blank control.
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Figure 2  Specificity analysis of ERA detection with the screened primers and probes. A: Specificity analysis

results of the primers and probe of K-F/R/P for Cronobacter; B: Specific analysis results of the primers and probe
of rfbE2-F/R/P for E. coli O157:H7; C: Specificity analysis results of the primers and probe of L-F/R/P for B.

cereus. The strain names and strain numbers corresponding to 1, 10, 20, 24-34 are shown in Table 1. CK represents

blank control.
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Figure 3  Detection results of dual ERA for six bacteria. A: Dual ERA detection results of Cronobacter (FAM)
and S. aureus (ROX); B: Dual ERA detection results of Cronobacter (FAM) and Salmonella (HEX); C: Dual
ERA detection results of B. cereus (FAM) and E. coli O157:H7 (Cy5); D: Dual ERA detection results of B. cereus
(FAM) and L. monocytogenes (Cy5); E: Dual ERA detection results of B. cereus (FAM) and Salmonella (HEX);
F: Dual ERA detection results of Cronobacter (FAM) and E. coli O157:H7 (Cy5); G: Dual ERA detection results
of B. cereus (FAM) and S. aureus (ROX); H: Dual ERA detection results of Salmonella (FAM) and L.
monocytogenes (Cy5). CK represents blank control.
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Figure 4 Optimization results of dual ERA system. A—C: Dual ERA amplification results of Cronobacter (FAM)
and E. coli 0157:H7 (Cy5) with optimized amounts of primers, probes and activators; D—F: Dual ERA amplification
results of B. cereus (FAM) and S. aureus (ROX) with optimized amounts of primers, probes and activators; G-1:
Dual ERA amplification results of Salmonella (FAM) and L. monocytogenes (CyS) with optimized amounts of

primers, probes and activators. CK represents blank control.

(EAEE A 1 pL (K 4D), BFPEERE ERAE R TE, g5 & 5 Fis, X AR
F R 0.4 uL (B 4E); MU0 T IRBERBAZIE I (8] 43 %1 % 28 min 10 s (& 5A. 5E. 5I).
AR RR G AW ERA SO AR R, BFE 27 min 30 s (& 5B, 5F. 5J). 16 min 10 s
b RS R R 2 uL (B 4G). BF (& 5C. 5G. 5K). 15 min 10 s (& 5D, 5H.
AR A28 0.8 uL (K 4H); 3 AIXE 5L, 258 s, YKFYF 45455 15 min 10 s
ERA SRR Z R, WS A e 402 2 ul ), ERE R AT S 4 o (A 45 BRI WU ERA

(1 4C. 4F, 4D), PR 2 6T E A 2 6L TR A 0 Y B 52 4 22 (181 5H),
2.4 XE ERA #&NFEFHL U R 5 A AR 2R R R TR DU, ERA R &

ST WU ERA PREUAGINFESE , XPIAG B X 7 Ao 7 4G 0 A 7 A P A7 B A L REAR M 1 IR

P4 actamicro@im.ac.cn, 7% 010-64807516



MR 45| oWk, 2025, 65(3)

1331

A

Fluorescence

\\

)

Fluorescence

\.

Fluorescence

5

—

Fluorescence

)

&5

= CHI-FAM mmm CH2-Cy5
6 000

5000
4000
3000
2000
1000

0

05 101520253035404550
Cycle number

msm CHI-FAM mmm CH2-Cy5

4000 -

3000 -

2000

1000

0

073769 12151821242730
Cycle number

= CHI-FAM CH2-ROX

3000+
2000

1000

0

0478 1216202428323640
Cycle number

mmm CHI-FAM mmm CH2-Cy5
4000 -

3000
2000 -
1000

0

0 4 81216202428323640
Cycle number

WEERAREFMULLER

los}

Fluorescence Fluorescence

s

Fluorescence

Fluorescence

mmm CHI-FAM mmm CH2-Cy35
7 000
6000 -
5000
4 000
3000
2 000
1000 -
8 1216202428323640
Cycle number

CH2-ROX

04

== CH1-FAM
3000

2 000

1000

05 1015202530354045 50
Cycle number
mmm CHI-FAM s CH2-ROX

3000

2 000

1000

~_—CK
0

9'12151821242730
Cycle number

s CHI-FAM mmm CH2-Cy5
4000 -

3000
2000 -

1000

0 CK

0'4°81216202428323640
Cycle number

C
5000
54000

=
53000

3
£2000

=
= 1000
0

048

CK

Cycle number

F' mm CHI-FAM
3000 -

— [\8)
(=3 (=3
(=) ()
(=} [e]

Fluorescence

mmm CHI-FAM mmm CH2-Cy5

1216202428323640

CH2-ROX

0 4 81216202428323640

Cycle number

I mmm CHI-FAM mmm CH2-Cy5

6000 -

2 4o
=
]

% 3000

22000

= 1000

0

Cycle number

L mmm CHI-FAM msm CH2-Cy5

3000

3

5 2000

Q

3

£ 1000

)
0 CK
036 912151821242730

Cycle number

Figure 5 Optimization results of the dual ERA program. A-D: The detection results of dual ERA for Cronobacter
(FAM) and E. coli O157:H7 (Cy5) in the second amplification procedure with 14 s, 50 cycles, 14 s, 40 cycles,
10 s, 40 cycles, and 10 s, 30 cycles; E-H: The detection results of dual ERA for B. cereus (FAM) and S. aureus
(ROX) in the second amplification procedure with 14 s, 50 cycles, 14 s, 40 cycles, 10 s, 40 cycles, and 10 s,
30 cycles; I-L: The detection results of dual ERA for Salmonella (FAM) and L. monocytogenes (Cy5) in the
second amplification procedure with 14 s, 50 cycles, 14 s, 40 cycles, 10 s, 40 cycles, and 10 s, 30 cycles. CK

represents blank control.
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Sensitivity analysis of dual ERA. A: The sensitivity analysis results of the dual ERA detection

procedure for Cronobacter (FAM) and E. coli O157:H7 (Cy5); B: The sensitivity analysis results of the dual ERA
detection for B. cereus (FAM) and S. aureus (ROX); C: The sensitivity analysis results of the dual ERA detection
for Salmonella (FAM) and L. monocytogenes (Cy5). CK represents the blank control.
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Table 3 The detection results of artificially contaminated samples

Escherichia coli
O157:H7

Time (h)  Cronobacter

Bacillus cereus

Staphylococcus ~ Salmonella Listeria

aureus monocytogenes

[ I N S S =)
|

+: Positive; —: Negative.
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