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Vibrio parahaemolyticus is a major pathogen fre-
quently found in seafood. Rapid and accurate detec-
tion of this pathogen is important for the control of
bacterial foodborne diseases and to ensure food sa-
fety. In this study, we established a one-pot system
that combines uracil-DNA glycosylase (UDG), loop-
mediated isothermal amplification (LAMP), and clus-
tered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein 12b (Casl2b)
for detecting V. parahaemolyticus in seafood. This
detection system can effectively perform identifica-
tion using a single tube and avoid the risk of carry-
over contamination.

V. parahaemolyticus is a common bacterial patho-
gen in seawater, which is widely distributed in marine,
estuarine, and aquaculture environments, and frequen-
tly isolated from seafood (Su and Liu, 2007). On one
hand, it can be transmitted to humans through contam-
inated, raw, or undercooked seafood, causing severe
human seafood-borne gastroenteritis or even death.
On the other hand, in aquatic farms and the maricul-
ture industry, V. parahaemolyticus infection can cause
severe gastroenteritis in aquatic animals, and quickly
lead to massive mortality and huge economic losses
(He et al., 2015). Thus, the development of accurate
and convenient detection methods of this pathogen is
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of particular urgency (Ward and Bej, 2006; Zhang
et al., 2017).

Recently, due to the independence of expensive
thermal cyclers and fast reading of results, several iso-
thermal amplification techniques such as LAMP and
recombinase polymerase amplification (RPA) have
emerged for the rapid detection of V. parahaemolyti-
cus (Nemoto et al., 2011; Yang et al., 2020). To in-
crease the specificity and sensitivity of detection,
CRISPR/Cas nuclease can be applied in combination
with isothermal amplification. These methods are based
on the trans-cleavage activity of Cas nucleases, includ-
ing the single-stranded DNA (ssDNA)-targeting trans-
cleaving Casl2 or the RNA-targeting trans-cleaving
Casl3 (Gao et al., 2022). Combined with isothermal
amplification procedures, Cas12 and Cas13 have been
employed to develop rapid nucleic acid detection sys-
tems for pathogen detection (Lv et al., 2022).

However, the above methods are prone to gener-
ating false-positive results caused by carry-over con-
tamination with DNA products from previous positive
amplification reactions in laboratories that frequently
amplify similar samples. UDG has been widely used
to eliminate carry-over contamination (Hsieh et al.,
2014; Tang et al., 2016). During DNA amplification,
deoxythymidine triphosphate (dTTP) is substituted
by deoxyuridine triphosphate (dUTP), and the ampli-
fied DNA will contain uracil. In subsequent rounds,
UDG is added to digest the possible carry-over previ-
ous amplicon containing uracil. Then, the UDG is de-
natured by high temperature or a UDG inhibitor be-
fore amplification.
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The denaturation temperature of commonly used
heat-labile UDG (HL-UDG) is above 50 °C (Lanes
et al., 2002), which is higher than the inactivated tem-
perature of RPA reagent and Casl2a/Cas13 nuclease.
Therefore, the current technology combining UDG,
LAMP, and CRISPR/Casl2a is divided into several
steps and needs to add the Cas detection system into
the amplification product after amplification, which
increases the operational complexity and may cause
cross-contamination among samples (Zhang et al.,
2021).

Unlike Casl2a, Cas12b has a wider temperature
adaptation range (48—60 °C) and better specificity
(Li et al., 2019; Teng et al., 2019). In this study, we es-
tablished a one-tube rapid nucleic acid detection sys-
tem for V. parahaemolyticus, that combines LAMP-
CRISPR/Cas12b technology with HL-UDG to elimi-
nate carry-over contamination. The schematic diagram
of this system is shown in Fig. 1. Firstly, V. parahae-
molyticus genomic DNA is extracted from seafood
samples. The detection system contains all components
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in a single tube for carry-over contamination removal,
such as LAMP and CRISPR/Cas12b reaction, includ-
ing HL-UDG, Bst DNA polymerase, LAMP primers,
dNTP mixture (a certain proportion of dTTP substi-
tuted by dUTP), Cas12b nuclease, V. parahaemolyticus
virulence 7L gene (GenBank accession No. M36437.1)
specific small guide RNA (sgRNA), and a non-specific
single-strand DNA probe labeled by fluorophore and
quencher. If the DNA template is contaminated by
carry-over LAMP amplicon containing uracil from the
amplification of the previous sample, the contaminated
DNA will be digested by HL-UDG at 25 °C for 5-
10 min before LAMP amplification. HL-UDG will be
completely inactivated during subsequent LAMP am-
plification and CRISPR/Cas12b cleavage at 60 °C,
without affecting the true DNA template and subse-
quent reactions. At the same time and temperature of
the LAMP reaction, the sgRNA specifically binds
to the true positive amplicon to activate the trans-
cleavage activity of Casl12b nuclease. The activated
Casl2b cleaves the non-specific ssDNA probes and
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Fig. 1 Schematic diagram of Vibrio parahaemolyticus detection in seafood using UDG-LAMP-CRISPR/Cas12b. The
detection system contains all components in a single tube for carry-over contamination removal, LAMP amplification,
and Casl12b cleavage. If the DNA template is contaminated by carry-over LAMP amplicon containing uracil from
amplification of the previous sample, the contaminated DNA will be digested by heat-labile UDG (HL-UDG) at 25 °C for
5—-10 min before LAMP amplification. HL-UDG will be completely inactivated during subsequent LAMP amplification
at 60 °C. At the same time and temperature as the LAMP reaction, the sgRNA specifically binds to the true positive
amplicon to activate the frans-cleavage activity of Cas12b nuclease. The activated Cas12b cleaves the non-specific single-
stranded DNA probes and separates the fluorophore from the quencher. After running the LAMP and CRISPR/Cas12b
reaction for 25-45 min, the released fluorescence signal can be easily detected by a fluorescence meter or observed by
naked eye under blue light. UDG: uracil-DNA glycosylase; LAMP: loop-mediated isothermal amplification; CRISPR:
clustered regularly interspaced short palindromic repeats; Cas12b: CRISPR-associated protein 12b; sgRNA: small
guide RNA; Bst: Bst DNA polymerase; dUTP: deoxyuridine triphosphate; PAM: protospacer adjacent motif; RFU:
relative fluorescence units.



separates the fluorophore from the quencher. After 25—
45 min of the LAMP and CRISPR/Cas12b reaction,
the released fluorescence signal can be easily detected
by a fluorescence meter or observed by naked eye
under blue light.

The LAMP primer sequence has a great influ-
ence on the amplification efficiency. Three LAMP
primer sets from the 7L gene (Table S1) were de-
signed and screened to obtain the most suitable LAMP
primer sets (Fig. Sla). After agarose gel verification
(Fig. S1b), primer set No. 3 was found to have the
highest amplification efficiency and used for subse-
quent experiments. To establish a decontamination
system using UDG, it was necessary to verify whether
the incorporation of dUTP affected LAMP amplifi-
cation. Interestingly, the incorporation of less than
50% dUTP significantly improved the LAMP amplifi-
cation efficiency in this study, and the highest amplifi-
cation efficiency was achieved at the dTTP/dUTP
ratio of 7:3 (Fig. 2a). However, LAMP amplification
was completely inhibited when the substitution ratio
of dUTP was higher than 60% (Fig. 2a).
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The dUTP-incorporated dNTP mixture not only
influenced the amplification efficiency but also affected
the recognition and binding of the substrate by the
Cas12b nuclease. We next investigated whether six
candidate sgRNAs located in different regions of the
initial LAMP amplicon (Fig. 2b) would affect the
cleavage efficiency of the one-step LAMP-CRISPR/
Cas12b reaction in the presence of dUTP incorpora-
tion. All combinations of sgRNA and dTTP/dUTP ra-
tios were tested (Fig. 2c). The analysis of variance
(ANOVA) result showed that both dTTP/dUTP ratio
and different sgRNAs significantly affected the effici-
ency of LAMP-CRISPR/Cas12b. Among the sgRNAs
in the variable regions of LAMP amplicons, sgRNA4
presented the highest cleavage efficiency (Fig. 2d).
When the ratio of dTTP/dUTP was gradually changed
from 10:0 to 7:3, the cleavage efficiency of LAMP-
CRISPR/Cas12b progressively improved, and the best
performance occurred at a dTTP/dUTP ratio of 7:3
(Fig. 2e).

The incorporation of dUTP may cause the change
of several optimal protospacer adjacent motifs (PAMs)
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sgRNA3 sgRNA4

[ Bic
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Fig. 2 Screening of sgRNA and dTTP/dUTP ratio for LAMP-CRISPR/Cas12b. (a) LAMP amplification results with
different dTTP/dUTP concentration ratios. (b) Illustration of the initial LAMP stem-loop amplicon and sgRNA-binding
position. (c) Endpoint fluorescence signals of all combinations of sgRNAs and dTTP/dUTP ratios. Data are expressed as
meanzstandard deviation (SD), n=3. The NTC bar integrates the negative controls without DNA template in all experimental
groups, and the fluorescence signal values of all NTC were around 2500-3000. (d) Endpoint fluorescence signals of
different sgRNAs from panel (c). Each box represents all data for the same sgRNA at different dTTP/dUTP ratios, and
the significance was determined by one-way analysis of variance (ANOVA). (¢) Endpoint fluorescence signals of different
dTTP/dUTP ratios from panel (c). Each box represents all data for the same dTTP/dUTP ratio with different sgRNAs,
and the significance was determined by one-way ANOVA. " P<0.05, © P<0.01, and "™ P<0.001 indicate significant
differences between two groups. dTTP: deoxythymidine triphosphate; dUTP: deoxyuridine triphosphate; LAMP: loop-
mediated isothermal amplification; CRISPR: clustered regularly interspaced short palindromic repeats; Cas12b: CRISPR-
associated protein 12b; sgRNA: small guide RNA; T:U: molar ratio of dTTP to dUTP; RFU: relative fluorescence units;

NTC: no template control; M: marker.
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(TTN) into suboptimal PAMs (UUN). Because Cas12-
mediated double-stranded DNA (dsDNA) cleavage
competes with LAMP amplification in this one-pot
system, the decreased binding affinity of Cas12 with
suboptimal PAM leads to the subdued cis-cleavage ac-
tivity, and prompts the reaction equilibrium to shift to
LAMP. Therefore, suboptimal PAMs cause the dssSDNA
substrate to accumulate at the early stages of the
LAMP reaction, and the accumulated amplicons can
efficiency increase subsequent CRISPR/Cas12b cleav-
age (Lu et al., 2022). Finally, we chose the sgRNA4
and a dTTP/dUTP ratio of 7:3 as the optimal combin-
ation for subsequent experiments.

In order to verify the performance of HL-UDG
in eliminating carry-over contamination, the pre-
amplified LAMP product containing uracil was added
into the LAMP-CRISPR/Cas12b system at 1/1000,
1/10000, and 1/100000 of the normal amount of tem-
plate (1 ng) to simulate the carry-over contamination.
Under blue light, no fluorescent signal was observed
in the reaction system containing UDG (Fig. 3a).
Compared with the group of LAMP-CRISPR without
UDG, all proportions of simulated contaminated U-
containing DNA were digested completely, and no
obvious fluorescence amplification bands appeared in
the reaction (Fig. 3b).

The limit of detection (LOD) of the UDG-LAMP-
CRISPR/Cas12b system was tested in both pure
culture of V. parahaemolyticus and artificially con-
taminated shrimp samples. The template was diluted
at a tenfold gradient dilution with the first concentra-
tion containing 1x10° CFU (CFU: colony forming
units). When the concentration of the bacteria in
pure culture was 1x10° CFU/mL or 1x10* CFU/g in
shrimp samples, the fluorescence signal generated by
the UDG-LAMP-CRISPR/Cas12b method was still
significantly different from those in the NTC group
(Figs. 3c—3f). These results showed that the LOD was
as low as 1x10* CFU/mL in the pure cultures and
1x10° CFU/g in the shrimp samples.

The specificity of the UDG-LAMP-CRISPR/
Cas12b assay was evaluated by testing the culture so-
lution for the presence of several bacterial strains, in-
cluding six other Vibrio species and six other food
pathogens. None of the other Vibrio species and com-
mon pathogenic bacteria were detected (Fig. 3g), con-
firming the specificity of the UDG-LAMP-CRISPR/
Cas12b assay.

In order to verify the performance of the UDG-
LAMP-CRISPR/Cas12b assay on actual seafood sam-
ples, ten shrimps and ten fish purchased from a local
seafood market were tested using both the UDG-
LAMP-CRISPR/Cas12b and quantitative real-time
polymerase chain reaction (QPCR) methods (Fig. 3h).
Among the twenty samples, seven tested positive V.
parahaemolyticus using the UDG-LAMP-CRISPR/
Cas12b assay, which was completely consistent with
the results of the qPCR method. These results demon-
strated that the UDG-LAMP-CRISPR/Cas12b assay
performed stably for V. parahaemolyticus detection in
actual seafood.

In summary, we successfully established a one-
pot UDG-LAMP-CRISPR/Cas12b assay to rapidly
detect V. parahaemolyticus (within 40 min). This
assay could effectively remove carry-over contamina-
tion and avoid false positive results. The LOD of this
method was as low as 1x10° CFU/mL in pure cultures
and 1x10° CFU/g in shrimp samples. Moreover, it
was able to distinguish V. parahaemolyticus from other
Vibrio species and other aquatic pathogens. Our assay
only needs a simple heating equipment and a blue
light instrument, and can serve as an on-site rapid de-
tection system.

Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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Fig. 3 Performance of the UDG-LAMP-CRISPR/Cas12b assay in Vibrio parahaemolyticus detection. (a) The results of
treatment with or without UDG at different concentrations of artificially contaminated templates before the LAMP-
CRISPR/Cas12b reaction. (b) Fluorescence curve corresponding to each tube in panel (a). (¢) Sensitivity analysis based
on V. parahaemolyticus genomic DNA extracted from a tenfold gradient dilution of pure culture under blue light.
(d) Fluorescence curve corresponding to each tube in panel (c). (e) Sensitivity analysis based on DNA extracted from
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