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ABSTRACT: Microorganisms can determine the flavor and quality of fermented food, such as Baijiu, which is produced via Daqu
fermentation. Therefore, monitoring key microorganisms during fermentation is important for ensuring high-quality fermented food.
Here, we report a single-nucleotide resolved nucleic acid assay based on the CRISPR/Cas12 system, enabling the quantification of
Bacillus amyloliquefaciens, a key microorganism in Daqu fermentation at the species level. The assay employs an amplification-
refractory mutation system derived from PCR to analyze minor genetic differences between different Bacillus species. The utilization
of CRISPR/Cas12 further guaranties the specificity of identifying the PCR amplicon and enables the quantification of Bacillus
amyloliquefaciens via end-measurement fluorescence. Compared to conventional qPCR, the assay allows for species-level detection of
bacteria, thus enabling the precise detection of the Bacillus strain that yields high-level 2,3,5,6-tetramethylpyrazine. The assay
promises the precise monitoring of bacterial growth and contribution to flavor during Daqu fermentation, thus facilitating fermented
food quality control.
KEYWORDS: fermented food, CRISPR/Cas12, food quality, Baijiu, Bacillus amyloliquefaciens

■ INTRODUCTION
Fermented food accounts for approximately one-third of the
human diet globally.1 For example, in 2020, 11.7 billion liters
of traditional fermented milk were consumed. Worldwide retail
sales of liquor were estimated to be around £300 billion in
2019. Microorganisms play a crucial role in the production of
fermented food, and their impact on the characteristic flavor
and quality is significant.2,3 Liquor is a well-known fermented
food, and its flavor and quality depend on the fermentation
process via microorganisms, especially the growth of key
microorganisms.4 High-temperature Daqu, a saccharifying
agent and starter made from wheat, is essential in brewing
liquor. It provides microorganisms, flavor substances, and
nutritional substrates for the brewing process.5−7 Liquor is
brewed by solid-state fermentation utilizing high-temperature
Daqu as a saccharifying and fermenting agent.8 Daqu plays a
vital role in providing functional microflora and precursors for
flavor substances in liquor.9−11 Bacillus is a dominant species in
high-temperature Daqu.12,13 Specifically, Bacillus amyloliquefa-
ciens (B. amyloliquefaciens), Bacillus subtilis (B. subtilis), and
Bacillus licheniformis (B. licheniformis) are the main Bacillus
species.14,15 Among them, B. amyloliquefaciens is capable of
producing unique components such as 2,3,5,6-tetramethylpyr-
azine (TTMP, C8H12N2) during liquor brewing processes.

16

TTMP is a bioactive alkaloid used as a conventional drug to
treat cardiovascular and cerebrovascular diseases,17 and it is
also utilized as an important additive to impart a special flavor
characterized by pleasant notes of toast, grilled meat, and
nuts.18 In Kweichow Moutai flavor liquor, TTMP is a

functional substance and a key characteristic aroma compo-
nent,14,19,20 with levels significantly higher than those in other
flavored liquors. Functional Daqu inoculated with B.
amyloliquefaciens can increase the levels of TTMP in liquor.16

Moreover, Daqu inoculated with B. amyloliquefaciens exhibits a
higher capacity for ester production, and the content of esters
significantly impacts the quality of liquor. Therefore,
monitoring the growth of key microorganisms, such as B.
amyloliquefaciens, is crucial for improving the quality and flavor
of liquor.
The plate counting method is traditionally used to identify

and detect microorganisms.21 This involves growing colonies
on plates and identifying species through morphological
observation. However, it can be challenging to distinguish
species with high morphological similarity, and the process is
time-consuming. Although 16S rDNA identification can be
used to identify species, DNA sequencing is a lengthy and
expensive process. Quantitative real-time PCR (qPCR) is
commonly used for quantitative detection of nucleic acids.22,23

Nevertheless, conventional qPCR can hardly discriminate
some species that are with only single nucleotide differences
while differ in the performance during the fermentation
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process. For example, the gene sequences of B. amyloliquefa-
ciens and B. subtilis are highly similar, but B. amyloliquefaciens is
advantageous in producing high-level TTMP during the Daqu
fermentation process.24,25 Hence, the development of a rapid,
simple, and single-nucleotide-resolved nucleic acid assay for
detecting microorganisms is highly demanded for monitoring
fermentation quality.
The emergence of CRISPR/Cas advances the assays for

nucleic acid detection. The CRISPR/Cas system consists of
two main components: clustered regularly interspaced short
palindromic repeats (CRISPR) and CRISPR-associated (CAS)
proteins.26−28 This adaptive immune system evolves in
prokaryotes.29,30 Among the CRISPR/Cas systems, Cas12
can bind and target double-stranded DNA (dsDNA) using
CRISPR guide RNA (gRNA) as a guide, resulting in
nonspecific cleavage activity on single-stranded DNA
(ssDNA).31,32 Cas12/gRNA can specifically recognize nucleic
acid amplicons, and by designing a ssDNA reporter, it has been
demonstrated to improve the specificity and quantification
performance of PCR or other isothermal amplification-based
nucleic acid assay. The potential applications of the CRISPR/
Cas12 system in food safety and quality analysis, including the
detection of foodborne microorganisms, adulteration, and
traceability, have been explored.33,34 For example, the coupling
of isothermal amplification with Cas12 was employed to detect
Salmonella and estimate its colonization in chicken.35 A visual
detection based on Cas12 and nicking enzyme-assisted
amplification were reported for the analysis of Salmonella on
the egg surface.36 Cas12-based nucleic acid assays are also
explored to detect the authentication of halal food and wheat
fungal diseases.37−39 However, the utilization of the CRISPR/
Cas12 system in monitoring microorganisms during fermenta-
tion processes remains unexplored.
Here, based on CRISPR/Cas12, we reported a single-

nucleotide resolved nucleic acid assay, enabling the identi-
fication and quantification of key bacteria, in the fermentation
process at the species level. Mismatched primers, designed
through the amplification-refractory mutation system (ARMS),
enable the detection of minor genetic variations among
different Bacillus species. The CRISPR/Cas12 system is
designed to identify the amplified products for improving the
specificity and enables the signal readout by end-measurement
of fluorescence, thus eliminating the use of real-time
fluorescence PCR instrument. The CRISPR/Cas12-based
ARMS assay has been applied to monitor the growth of B.
amyloliquefaciens in Daqu fermentation, which contains many
other Bacillus species. The assay enables the quantification of
key microorganisms at the species level, which can serve as
competitive tools for fermented food quality control.

■ MATERIALS AND METHODS
Materials and Reagents. Phi 29 DNA polymerase (10 U/μL)

(cat.10123955) and T7 RNA polymerase (20 U/μL) (cat. 32108-03)
were purchased from Thermo Fisher Scientific (Waltham, USA).
LbCas12 with 10× NEB buffer (cat.32108-B), DNase I with 10×
reaction buffer, ribonucleotide solution mix (rNTPs), and deoxy-
nucleotide solution mix (dNTPs) were obtained from New England
Biolabs (Ipswich, MA). Platinum SYBR Green qPCR SuperMix-UDG
w/ROX was provided by Thermo Fisher Scientific (Waltham, USA).
Molecular biology-grade H2O was used in all solutions (New York,
USA). Agarose, 6× loading buffer, 50× TAE buffer, and 10,000×
GelRed dye were purchased from Beijing DingGuo Biotechnology
Co., Ltd. (Beijing, China). 2,3,5,6-Tetramethylpyrazine (CAS: 1124-
11-4, chromatographic grade) was purchased from Beijing PuTian-

TongChuang Biotechnology Co., Ltd. qPCR was performed in 96-
well plates by the Real-Time System CFX connect (Bio-Rad, USA).
The Ezup Column Bacteria Genomic DNA Purification Kit
(cat.H723KA0902) was purchased from Sangon Biotech (Shanghai,
China). The DNA reporter was purified by HPLC. Primers and
oligonucleotide sequences used were customized by Sangon Biotech
(Shanghai, China). The sequence lists are provided in the Supporting
Information (Table S1).

Bacteria Culture. Bacterial cultures of Bacillus amyloliquefaciens
(B. amyloliquefaciens) (SICC 1.2905), Bacillus subtilis (B. subtilis)
(ATCC 6051), Bacillus licheniformis (B. licheniformis) (ATCC 14580),
Bacillus cereus (B. cereus) (ATCC 14579), Bacillus thuringiensis (B.
thuringiensis) (CICC 23420), and Bacillus aerophilus (B. aerophilus)
(CGMCC 8840) were grown in a liquid culture medium. To prepare
1 L of liquid culture medium, 10 g of peptone, 5 g of yeast extract, and
10 g of NaCl were added, and the mixture was autoclaved for 20 min
before use. The bacteria were cultured in the medium for 18 h at 37
°C on a rotary oscillator and counted using a plate counting method.

DNA Extraction. DNA was extracted using the Ezup column
bacteria genomic DNA purification Kit. Briefly, 1 mL of bacterial
solution was centrifuged at 7200g for 1 min at room temperature to
collect the bacteria at the bottom. The bacteria were transferred to a
1.5 mL centrifuge tube, and 100 μL of buffer digestion and 80 μL of
lysozyme were added to the tube, which was then incubated at 37 °C
for 30 min. After centrifugation at 8000 g for 30 s, 100 μL CE buffer
was added and incubated for 3 min. The solution was centrifuged at
10,000g for 2 min, and then, the supernatant was collected. The
extracted DNA was stored at −20 °C until further use.

Preparation of gRNA. To prepare the gRNA, the transcription
reaction was performed in a 30 μL volume, consisting of 10 μL of 10×
phi 29 DNA polymerase reaction buffer (10 U/μL), 10 μL of
promoter (10 μM), and 10 μL of the DNA template for gRNA
synthesis (10 μM). The solution was mixed and then annealed at 90
°C for 3 min, followed by incubation at room temperature for 30 min.
Next, 3 μL of phi 29 DNA polymerase (1 U/μL) and 2 μL of dNTP
mix (10 μM) were added, and the mixture was incubated at 30 °C for
30 min. Subsequently, 20 μL of 5× transcription buffer, 2 μL of T7
RNA polymerase (20 U/μL), 2 μL of rNTP mix (25 μM), and 41 μL
of H2O were added. The solution was then incubated at 37 °C
overnight. To remove any remaining DNA, 2 μL of DNase I was
added and the solution was incubated at 37 °C for 2 h. Finally, the
product was heated at 75 °C for 10 min, and the gRNA was stored at
−20 °C until use.

Detection of B. amyloliquefaciens. PCR was performed in a 25
μL volume containing 1 μL of extracted DNA, 1 μL of forward primer
(10 μM), 1 μL of reverse primer (10 μM), 12.5 μL of Taq PCR Mix,
and 9.5 μL of H2O. The PCR program involved an initial
denaturation step at 95 °C for 1 min, followed by 25 amplification
cycles at 95 °C for 15 s, 60 °C for 15 s, and 72 °C for 30 s, and a final
extension step at 72 °C for 5 min. The PCR products were stored at 4
°C. For detection based on CRISPR/Cas12, a 38 μL reaction volume
was prepared to contain 4 μL of 10 × NEB buffer, 0.4 μL of LbCas12
(10 μM), 4 μL of gRNA (10 μM), 4 μL of reporter (5 μM), 1 μL of
PCR products, and 24.6 μL of H2O, followed by incubation at 37 °C
for 1 h. The fluorescence signal was then detected using a microplate
reader Synergy H1 (BioTek, USA) with an excitation wavelength of
480 nm and an emission range of 510 to 600 nm.

qPCR Test of B. amyloliquefaciens. To detect B. amyloliquefa-
ciens using qPCR, a 20 μL reaction mixture was prepared to contain
10 μL of SYBR Green qPCR SuperMix, 1 μL of extracted DNA, 0.8
μL of forward primer (2.5 μM), 0.8 μL of reverse primer (2.5 μM),
and 7.4 μL of H2O. The qPCR program involved an initial
denaturation step at 95 °C for 10 min, followed by 40 amplification
cycles at 95 °C for 15 s, 60 °C for 15 s, and 75 °C for 45 s.

Detection of B. amyloliquefaciens in Daqu. To detect B.
amyloliquefaciens in Daqu, a solid-state fermentation medium was
prepared by mixing 10% rice husk and 90% wheat flour, which was
then steamed for 30 min and cooled. The starter was added at a ratio
of 1%, and the mixture was weighed and bottled. To inoculate B.
amyloliquefaciens, 3% (w/w) of the bacteria was added to the medium.
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The medium was fermented in a rotary oscillator by gradient heating,
with incubation at 37 °C for the first three days, 45 °C for the fourth
day, and 60 °C from the fifth to eighth day. Total DNA was extracted
using the Ezup column soil DNA extraction kit, and the DNA
concentration was measured using either the reported method or
qPCR.

Gel Electrophoresis. The gel was prepared by mixing 1.5 g of
agarose, 1 mL of 1× TAE buffer, 3 μL of GelRed dye, and 49 mL of
H2O. The gel mixture was then heated in a microwave oven for 3 min.
A reaction system consisting of 5 μL of PCR products and 1 μL of gel
loading buffer was used. Gel electrophoresis was carried out at 120 V
for 30 min, and the gel was imaged using a Gel Doc XR+ system (Bio-
Rad).

Heat-Resistance Test. The absorbance of bacterial medium was
measured at a wavelength of 600 nm. Culture medium of B.
amyloliquefaciens, B. cereus, B. licheniformis, B. subtilis, and B. aerophilus
was heated in a water bath at 60 °C for 3 h. The control group was
incubated at 37 °C. ΔA is defined as the absorbance difference
between the bacteria cultured at 37 and 60 °C.

Analysis of TTMP. The TTMP was tested using HPLC-VWD. A
solid-state medium was inoculated with 3% w/w of B. subtilis, and the
fermentation conditions were the same as B. amyloliquefaciens. After
fermentation, a mixture of 5 g of Daqu, 0.25 g of CaCl, and 50 mL of
57% ethanol was prepared in a tube at 37 °C. The samples were then
extracted by ultrasonic treatment for 20 min and centrifugated at
8000g for 10 min. The supernatant was filtered through a 0.22 μm
membrane. The material of the 0.22 μm membrane is nylon 66, and
the injection volume was 1.5 mL. The HPLC-VWD analysis was
performed using an Agilent 2000 under the following conditions:
chromatographic column-Agilent TC-C18 (4.6 mm × 250 mm, 0.5
μm); detector-VWD detection device; detection wavelength-278 nm;

mobile phase-aqueous solution (with 0.05% trisodium chloride):
methanol was 3:7; and flow rate-1 mL/min.

■ RESULTS AND DISCUSSION
Working Principle. The CRISPR/Cas12-based ARMS

assay detects bacterial DNA with single-nucleotide resolution
by activating the ribonuclease of CRISPR/Cas12 using the
ARMS-PCR amplicon (Scheme 1). The ARMS technique
introduces mismatched bases at the 3′ end of the primer to
enhance the specificity of the reaction. One or two artificial
mismatched bases are added to the primer, which ensures that
the last base at the 3′ end of the primer matches exactly with
the target species but not with other species. This enables the
amplification of the fragments of the target species while
preventing the amplification of non-target species. To further
improve the specificity of recognition, CRISPR/Cas12 was
designed to identify the PCR amplicon. The target PCR
amplicon was specifically recognized using the designed gRNA,
which activated the Cas12 protein to cleave the ssDNA
reporter. The ends of the ssDNA reporter were modified with a
6-carboxy fluorescein (FAM) and a Black Hole Quencher-
1(BHQ1). When the PCR amplicon amplified from target
genes was present, Cas12 can target and bind the dsDNA
under the guidance of gRNA to form the Cas12/gRNA
complex. The complex could cut the DNA reporter gene, thus
recovering the fluorescence of the reporter. The abundance of
bacteria was determined by the end measurement of the
fluorescence intensity. Among Bacillus, the genome of B
amyloliquefaciens has the most similar genome sequence

Scheme 1. Schematic Diagram of the CRISPR/Cas12-based ARMS Assay for Monitoring Key Bacteria in the Fermentation
Process

Figure 1. Demonstration of the feasibility of the assay for nucleic acid detection. The fluorescence response was detected using an excitation
wavelength of 480 nm, and the emission ranged from 510 to 600 nm.
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compared to that of B. subtilis. The ARMS PCR primer for B.
amyloliquefaciens was designed locating the site of the genome
of B. amyloliquefaciens and B. subtilis that differs in single
nucleotide. Contributing to its high specificity that can
eliminate the recognition of other Bacillus, the assay enables
the detection of B. amyloliquefaciens in Daqu during
fermentation at the species level.

Fluorescence tests were conducted to verify the assay’s
working principle. The DNA reporter initially produced a low
fluorescence intensity of 129 due to the quenching effect of
BHQ1 on FAM (Figure 1). The addition of gRNA to the
target gene did not result in an increase in fluorescence
intensity. The simultaneous presence of Cas12 protein, gRNA,
and target DNA resulted in a remarkable increase in
fluorescence intensity from 322 to 4452. This suggests that

Figure 2. Detection of single-nucleotide variation and optimization of the assay. (A) Fluorescence spectra of the assay’s response to B.
amyloliquefaciens and B. subtilis using gRNA targeting in different sites. (B) Discrimination ratio of B. amyloliquefaciens to B. subtilis using the
designed gRNAs. (C) Fluorescence intensity and signal-to-background ratio with different ratios of Cas12 protein and reporter. (D) Fluorescence
intensity and signal-to-background ratio with different ratios of Cas12 protein and gRNA. (E) Fluorescence intensity and signal-to-background
ratio via PCR with different cycle numbers. The fluorescence response was detected using an excitation wavelength of 480 nm, and the emission
ranged from 510 to 600 nm. The error bars indicate the standard deviation of three parallel measurements. The data in B−E represent mean ±
standard deviation (n = 3).

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.3c04775
J. Agric. Food Chem. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.jafc.3c04775?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c04775?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c04775?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c04775?fig=fig2&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.3c04775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the Cas12 protein was activated by the target DNA and
cleaved the DNA reporter, thus resulting in high fluorescence
intensity. Therefore, CRISPR/Cas12 coupling with the DNA
reporter can serve as the tool for detecting the double-stranded
DNA amplicons that are amplified from bacterial genome via
PCR.

Selection of gRNAs. The designed primers of 23 S DNA
were selected for sequencing B. amyloliquefaciens (Table S1),
and the amplified sequences were compared to the NCBI
database (http://www.ncbi.nlm.nih.gov/ blast) to identify
potential matches or similarities with other Bacillus. The
sequences of 23S DNA of B. subtilis were found to be highly
similar to that of B. amyloliquefaciens, making it difficult to

distinguish between the two Bacillus species using the qPCR
method. To overcome this limitation, the ARMS technique
was used to design primers that could distinguish between the
two species. Additionally, the CRISPR/Cas12a system was
utilized to recognize the PCR amplicon. The CRISPR system
utilizes gRNA, which consists of a conserved sequence of the
stem-loop structure and a 20 bp spacer region that is
complementary to the target DNA. The complementary T
nucleotide-rich space neighboring motif (PAM) (TTTN, N is
A, T, G, or C) is required for Cas12/gRNA recognition. Based
on these sequence requirements, 10 gRNAs were designed
(Figure 2A). The different gRNA sites can dramatically affect
the fluorescence response of the assay. The signal to

Figure 3. Quantification of B. amyloliquefaciens using the CRISPR/Cas12-based ARMS assay. (A) Fluorescence intensity of the assay response to
different concentrations of B. amyloliquefaciens (100−107 CFU/mL). (B) Linear relationship between the concentration of B. amyloliquefaciens and
fluorescence response. The fluorescence response was detected using an excitation wavelength of 480 nm, and the emission ranged from 510 to 600
nm. The data presented in A and B represent the mean ± standard deviation (n = 3). Statistical significance was determined using a two-tailed
unpaired Student t test, ****, P < 0.0001.

Figure 4. Detection of B. amyloliquefaciens at the species level using the CRISPR/Cas12-based ARMS assay. It includes fluorescence intensity of
different concentrations of Bacillus (A), gel electrophoresis of PCR products amplified from different Bacillus (B), fluorescence intensity of different
ratio of B. amyloliquefaciens (0%∼100%) in a mixture of B. subtilis and B. amyloliquefaciens (C), and a linear relationship between the proportion of
B. amyloliquefaciens and fluorescence intensity (D). Statistical significance was evaluated using a two-tailed unpaired Student t test, ****, P <
0.0001.
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background (S/B) ratio, defined as the ratio of the
fluorescence intensity of B. amyloliquefaciens to B. subtilis,
was used to determine the optimized gRNA site. gRNA3, when
selected as the identified loci, yielded the highest S/B ratio of
8.27 (Figure 2B). The slightly higher S/B ratio compared to
gRNA8 could be attributed to the presence of A bases in the
space between G-rich sequences, resulting in its more efficient
activation. Conversely, other gRNA sites had lower S/B ratios,
possibly due to the complex secondary structure of the target

sequences, making it challenging for the gRNA to bind.
Consequently, gRNA3 was selected for the follow-up experi-
ments.

Optimization of Assaying Conditions. To optimize the
CRISPR/Cas12 system’s response, the concentrations of
gRNA and the DNA reporter were optimized. The maximum
S/B ratio of 8.42 was achieved at a Cas12 protein to reporter
ratio of 1:10. However, increasing the reporter concentration
led to a higher background fluorescence intensity and a

Figure 5. Detection of B. amyloliquefaciens in Daqu. (A) Workflow for the detection of B. amyloliquefaciens in Daqu using a CRISPR/Cas12-based
assay. (B) Fluorescence intensity and the number of B. amyloliquefaciens in Daqu detected by CRISPR/Cas12-based tests. (C) Comparison of the
level of 2,3,5,6-tetramethylpyrazine in Daqu with B. amyloliquefaciens or B. cereus after fermentation. (D) Fluorescence intensity and the colony
numbers of B. amyloliquefaciens in Daqu detected by conventional PCR. (E) Comparison of ΔA of the five bacteria. ΔA is defined as the
absorbance difference of the bacteria under the condition of 37 and 60 °C. The fluorescence signal was detected with an excitation wavelength of
480 nm, and the emission ranged from 510 to 600 nm. Data in B and E represent mean ± s. d. (n = 3).
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decrease in the S/B ratio (Figure 2C). The highest S/B ratio of
7.11 was observed at a Cas12 protein to gRNA molar ratio of
1:2 (Figure 2D).
Additionally, the concentration of amplicons was affected by

the number of PCR cycles. The optimal number of cycles was
determined to be 25, which resulted in a maximum S/B ratio
of 10.67 (Figure 2E). PCR cycles below 25 resulted in less
amplification, while exceeding 25 can increase background
fluorescence and reduce the S/B ratio.

Quantification of B. amyloliquefaciens. The sensitivity
of the assay for quantifying B. amyloliquefaciens was evaluated
by preparing bacterial solutions ranging from 100 to 107 CFU
in a sequential dilution. The results demonstrated that the
fluorescence intensity gradually increased with increasing
concentrations of bacterial solutions from 100 to 107 CFU
(Figure 3A). A linear relationship between the concentration
of B. amyloliquefaciens and fluorescence intensity was observed
within the range of 103−107 CFU (y = 1841.8x − 3830.2, R2 =
0.9889) (Figure 3B). The limit of detection (LOD) was
calculated as 651 CFU, based on the concentration
corresponding to three times the standard deviation of the
control group without B. amyloliquefaciens.

Species-Level Detection of B. amyloliquefaciens. In
this study, the specificity of the assay was tested by using other
Bacillus species commonly found in Daqu, including B. subtilis,
B. cereus, B. thuringiensis, B. aerophilus, and B. licheniformis, as
non-target Bacillus under optimized conditions. B. amylolique-
faciens was used as the target Bacillus, and the assay was tested
at different concentrations (108, 106, and 104 CFU) of Bacillus
to consider the variable abundance of Bacillus in actual samples
(Figure 4A). The results showed that in each concentration,
the addition of B. amyloliquefaciens yielded the highest
fluorescence intensity, while other Bacillus species were close
to the background fluorescence intensity. The specificity of the
assay was also confirmed by gel electrophoresis (Figure 4B).
Furthermore, to evaluate the sensitivity of the assay, B.
amyloliquefaciens and B. subtilis were mixed in different
proportions as samples. B. subtilis, a non-target species with
high similarity, was used for mixing. The ratio of B.
amyloliquefaciens varied between 0 and 100% (0, 25, 50, 75,
90, 99, and 100%). The fluorescence intensity increased with
the increase of the proportion of B. amyloliquefaciens (Figure
4C). A good linear relationship was observed between the
fluorescence intensity and the proportion of B. amyloliquefa-
ciens in the range of 10−100% (y = 11,049x + 1571.7, R2 =
0.9912) (Figure 4D). To verify the results, the assay was also
tested using ARMS-qPCR (Figure S2). Both the CRISPR/
Cas12-based assay and ARMS-qPCR were able to detect other
Bacillus in proportions as low as 1%. However, the CRISPR/
Cas12-based assay eliminates the need for a costly real-time
fluorescence quantitative PCR analyzer.

Detection of B. amyloliquefaciens in Daqu. The
simulation of fermentation experiments was performed to
evaluate the feasibility of detecting bacteria during fermenta-
tion. The operation flow of simulated fermentation is shown in
Figure 5A. Bacillus, which can withstand high temperature, is
one of the most common microorganisms in Daqu
fermentation. B. amyloliquefaciens is the key bacteria present
in Daqu during fermentation, which not only produces
functional substance (like TTMP) but also produces esters
and aromas to enhance the quality and flavor of the liquor.
Solid-state fermentation was simulated in the presence of B.
amyloliquefaciens and B. cereus, and it was found that the

TTMP content was 24 times higher in the presence of B.
amyloliquefaciens than that in the presence of B. cereus (Figures
5C and S3). Therefore, monitoring key microorganisms at the
species level, such as B. amyloliquefaciens, is crucial to control
the quality of fermented food.
During the 8-day fermentation process, the fluorescence

intensity gradually increased with fermentation time (0−4
days), indicating that B. amyloliquefaciens grew vigorously. The
highest colony number was achieved on the sixth day, reaching
1012 CFU, and the quantity of B. amyloliquefaciens remained
stable during days 4−8 (Figure 5B). Conventional PCR was
used to quantify B. amyloliquefaciens during the fermentation
process (Figure 5D). According to the measurement using
conventional PCR, the number of bacteria dropped sharply on
the fourth day when the temperature was 45 °C. However,
based on the measurement using the CRISPR/Cas12-based
ARMS assay, the reduction of B. amyloliquefaciens did not
occur. This result drives us to investigate the effect of
temperature on the proliferation rate of these Bacillus species.
To estimate heat resistance of the bacteria, ΔA is defined as
the absorbance difference of the bacteria under the condition
of 37 and 60 °C. The ΔA of B. amyloliquefaciens was lower
than that of other bacteria, indicating that high temperature
poses less effect on the growth of B. amyloliquefaciens.
Therefore, B. amyloliquefaciens was more heat-resistant than
other bacteria commonly present in Daqu (Figure 5E). High-
temperature intolerant bacteria died when the fermentation
temperature rose to 60 °C, leaving only the heat-resistant
bacteria, B. amyloliquefaciens, to survive under high temper-
ature conditions. Therefore, the colony number of heat-
resistant B. amyloliquefaciens only decreased slightly after 60
°C, as indicated by the assay. However, the conventional PCR
method was unable to achieve specific amplification, and it
measured that the colony number of different Bacillus together
decreased sharply at 60 °C. This result indicates that the actual
growth of B. amyloliquefaciens can be detected by the CRISPR/
Cas12-based ARMS assay. B. amyloliquefaciens plays a more
important role in producing functional substance and
characteristic aroma components (such as TTMP) than
other Bacillus. Therefore, the assay has the potential to detect
the actual growth of key microorganisms in the fermentation
process and more precisely indicate the fermentation situation.
In summary, a highly specific method for monitoring key

microorganisms during fermentation at the species level was
developed by integrating ARMS-PCR with the CRISPR/Cas12
system. The dual recognition based on ARMS and CRISPR/
Cas12 allowed for the detection of bacterial genes and single-
nucleotide difference with high specificity. The CRISPR/
Cas12-based ARMS assay was able to distinguish B.
amyloliquefaciens from other Bacillus, enabling its detection at
the species level. Furthermore, it yielded high sensitivity that
can detect B. amyloliquefaciens with a limit of detection of 651
CFU and detect 1% B. amyloliquefaciens in a mixture of B.
amyloliquefaciens and B. subtilis. The developed assay enabled
the precise quantification of B. amyloliquefaciens during the
fermentation of Daqu. The results showed that B. amylolique-
faciens grew rapidly during 0−4 day and remained steady at day
6 to 8, producing abundant TTMP. In contrast, the
conventional PCR method, which measures the colony
numbers of different Bacillus, cannot differentiate them and
therefore may cover up the actual proliferation of B.
amyloliquefaciens during fermentation. Overall, the CRISPR/
Cas12-based ARMS assay, enabling species-level monitoring of
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key microorganisms, is a highly competitive tool for precisely
controlling the quality of fermented food.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jafc.3c04775.

Oligonucleotide sequences of primers and different
gRNAs, gel electrophoresis analysis of the PCR products
corresponding to the number of PCR cycles, Ct values of
the qPCR test of different Bacillus, and standard curve
for measuring TTMP using HPLC (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Ruijie Deng − College of Biomass Science and Engineering,
Healthy Food Evaluation Research Center, Sichuan
University, Chengdu 610065, China; orcid.org/0000-
0001-9094-124X; Email: drj17@scu.edu.cn

Aimin Luo − College of Biomass Science and Engineering,
Healthy Food Evaluation Research Center, Sichuan
University, Chengdu 610065, China; Email: luoam@
scu.edu.cn

Authors
Ying Wang − College of Biomass Science and Engineering,

Healthy Food Evaluation Research Center, Sichuan
University, Chengdu 610065, China

Xuhan Xia − College of Biomass Science and Engineering,
Healthy Food Evaluation Research Center, Sichuan
University, Chengdu 610065, China

Minghua Wu − College of Biomass Science and Engineering,
Healthy Food Evaluation Research Center, Sichuan
University, Chengdu 610065, China

Qiyao Sun − College of Biomass Science and Engineering,
Healthy Food Evaluation Research Center, Sichuan
University, Chengdu 610065, China

Wei Zhang − College of Biomass Science and Engineering,
Healthy Food Evaluation Research Center, Sichuan
University, Chengdu 610065, China

Yong Qiu − College of Biomass Science and Engineering,
Healthy Food Evaluation Research Center, Sichuan
University, Chengdu 610065, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jafc.3c04775

Author Contributions
†Y.W. and X.X. contributed equally to this work.
Funding
This work was supported by the Sichuan Province Science and
Technology Program (2022YFN0057), Sichuan Province
achievement in science and technology Transfer Demonstra-
tion Project (2022ZHCG0073), and Sichuan-Luzhou strategic
cooperation project (No. 2019CDLZ-02).
Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Chilton, S. N.; Burton, J. P.; Reid, G. Inclusion of fermented
foods in food guides around the world. Nutrients 2015, 7, 390−404.
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