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g r a p h i c a l a b s t r a c t
� A novel CRISPR-Cas13a based bacte-
rial detection method was developed
and named as CCB-Detection.

� The method was capable of S. aureus
detection in 4.0 h with proved
sensitivity and specificity.

� Through the detection of real world
samples, it promises to meet needs in
practical applications.

� CCB-Detection could be generalised
to detect other bacterial targets.
a r t i c l e i n f o

Article history:
Received 19 March 2020
Received in revised form
11 June 2020
Accepted 16 June 2020
Available online 9 July 2020

Keywords:
CRISPR-Cas13a biosensing
Staphylococcus aureus
Collateral RNA cleavage
Bacterial detection
Sensitivity and specificity
Food safety
a b s t r a c t

The severity of foodborne diseases caused by foods contaminated by pathogens or their toxins creates an
urgent need for the development of specific and sensitive method for detection of bacteria. In this study,
taking advantages of CRISPR-Cas13a system, namely, the crRNA programmability and Cas13a “collateral
effect” of promiscuous RNase activity upon target RNA recognition, we developed a bacterial sensing
strategy with the name of CCB-Detection (CRISPR-Cas13a based Bacterial Detection). Staphylococcus
aureus (S. aureus) was chosen as a model bacteria for validating the performance of CCB-Detection.
Specifically, four steps were carried out: 1) simple extraction of genome DNA; 2) specific gene amplifi-
cation by PCR; 3) in vitro transcription; and 4) the “collateral effect” cleavage of reporter RNA to report
the analyte signal. It was observed that CCB-Detection was capable to successfully detect the target
genomic DNA (gDNA) as low as 100 aM. The limit of detection (LOD) was 1 CFU/mL with a dynamic
detection range of S. aureus from 100 to 107 CFU/mL. The entire sample-to-answer time for this biosensor
was less than 4 h. CCB-Detection demonstrated satisfactory selectivity for S. aureus without interference
from other bacteria. Furthermore, CCB-Detection was successfully applied for sensing S. aureus in real
food samples with both known and unknown amounts bacteria (spiked ones and non-spiked ones) and
its performance is comparable to the conventional culture-based counting method but with short assay
time and high sensitivity. With desirable reliability, sensitivity, specificity and simplicity, herein proposed
CCB-Detection could be extended and generalised for other bacterial detection, and has great potential to
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be used in a wide range of applications such as food safety inspection, disease diagnosis, environment
monitoring, etc.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Foodborne diseases, caused by the consumption of foods
contaminated by pathogens or their toxins, have been causing huge
burdens to our public health [1]. Staphylococcus aureus (S. aureus) is
regarded as one of the most influential foodborne pathogens,
which causes food poisoning worldwide due to the production of
variety of virulence factors [2,3]. Therefore rapid and sensitive
detection of S. aureus is essential to food safety. Traditional methods
for S. aureus detection rely on microbiological culture followed by
biomedical tests, though as a “gold standard”, it is time-consuming
and labor-intense [4].

Microbial clustered regularly interspaced short palindromic re-
peats (CRISPR) and CRISPR-associated (Cas) adaptive immune sys-
tems contain programmable endonucleases that can be leveraged
for CRISPR-powered diagnostics [5e8]. Cas13a, previously known
as C2c2, functions as an RNA-guided RNA-targeting endonuclease
[9]. In addition, Cas13a has “collateral effect” of promiscuous RNase
activity, which can be activated upon CRISPR RNAs (crRNAs)
mediated target RNA recognition [10,11]. Combining the collateral
RNase cleavage of Cas13a with isothermal amplification, Zhang
group established a CRISPR-based diagnostic platform termed as
SHERLOCK (Specific High-Sensitivity Enzymatic Reporter
UnLOCKing) to successfully detect specific strains of virus with
attomolar sensitivity and single-base specificity [5,12], and further
developed a multiplexed and portable nucleic acid detection plat-
form termed SHERLOCK v2 [13]. Additionally, CRISPR-Cas13a also
has been applied to detect avian influenza A (H7N9) virus [14],
Ebola virus [15], Epstein-Barr virus (EBV) [16], porcine reproductive
and respiratory syndrome virus [17], African swine fever virus [18],
Salmonella Enteritidis [19], microRNAs [20], plant genes [21],
nucleobase methylation [22] and proteins [23].

However, it is rare to see the detection of prokaryotic bacteria
using CRISPR-Cas systems. Herein, we exploited the capability of
CRISPR-Cas13a to directly detect S. aureus with high sensitivity and
selectivity. The nuc gene is S. aureus species specific (GenBank
accession No. CP007447.1). Molecular methods for detecting this
gene allow a rapid identification of S. aureus in real samples [24].
We chose nuc gene as a molecular marker, and with the aid of
combined crRNA programmability and Cas13a promiscuous RNase
activity, the target genomic DNA (gDNA) was successfully detected
as low as 100 aM. The dynamic detection range of S. aureus was
100e107 CFU/mL. Furthermore, herein proposed method was suc-
cessfully applied for detecting S. aureus in real food samples with
superior performance to the gold-standard culture-based counting
method.
2. Experimental

2.1. Materials and reagents

The pC013-Twinstrep-SUMO-huLwCas13a was obtained from
Addgene repository (http://www.addgene.org) with plasmid
number 90097. Staphylococcus aureus (S. aureus), Escherichia coli
(E. coli), Salmonella spp., Pichia pastoris, Agrobacterium tumefaciens
and HeLa cervical carcinoma cells were stored within the group.
Primers, RNA and DNA oligonucleotides (listed in Table 1) were
synthesized by Synbio Technologies (China). Baird-Parker agar base
was purchased from Hopebio-Technology Co., Ltd. (China). Com-
mon chemicals were obtained from Sigma-Aldrich (USA) or Aladdin
Biochemical Technology Co., Ltd. (China) unless otherwise speci-
fied. They were analytical grade and used without further purifi-
cation. Distilled deionized water (ddH2O) was used throughout the
investigation. The DNA and RNA concentrations were quantified
using 260 nm absorbance by a UVeVis spectrophotometer with the
extinction coefficients calculated using online IDT OligoAnalyzer
3.1 (http://www.idtdna.com/calc/analyzer#).

2.2. Bacteria culture and colony-forming unit (CFU) test

Luria-Bertani (LB) brothmediumwas used to culture S. aureus at
37 �C for 12 h where necessary. All the liquid cultures were shaken
at the speed of 160 r/min. The spread plate technique was used for
enumerating S. aureus. Simply, several serial dilutions were pre-
pared and 100 mL aliquots from each dilution were spread onto
Baird-Parker agar base. Bacterial plates were incubated at 37 �C for
48 h. Then colonies were counted and the average numbers of three
parallel dishes were recorded.

2.3. Bacteria genomic DNA extraction

Bacterial genomic DNA was extracted with MiniBEST Bacteria
Genomic DNA Extraction Kit Ver.3.0 (TaKaRa Biotechnology) ac-
cording to the manufacturer’s guidelines.

2.4. LwCas13a protein purification

Leptotrichia wadei (Lw) Cas13a bacterial expression vectors were
transformed into Rosetta™ 2 (DE3) pLysS competent cells using
heat shock method. After inoculation, the LB growth media culture
containing 100 mg/mL ampicillin was shaken at 37 �C until an
absorbance of 0.6 at 600 nm was reached. At this time, protein
expression was induced by the addition of isopropyl-b-D-1-
thiogalactopyranoside (IPTG) to a final concentration of 0.2 mM,
and the cells were cooled to 16 �C for 24 h for protein expression.
Cells were harvested by centrifugation at 6000 rpm for 15 min at
4 �C. The cell pellets were collected and stored at �20 �C for later
purification. All subsequent steps of the protein purification were
performed at 4 �C. Cell pellets were crushed and resuspended in
lysis buffer (20 mM Tris-HCl, 500 mM NaCl, 2 mM DTT, pH 8.0)
supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF)
and 0.5 mg/mL lysozyme followed by sonication (XO-650D, Atpio,
Nanjing, China). Lysate was centrifugated for 1 h at 12000 rpm and
the supernatant was filtered through a 0.22 mm filter. Filtered su-
pernatant was applied to column containing Ni Sepharose™ 6 Fast
Flow (GE) and incubated with rotation for 2 h followed by washing
of the protein-bound resin three times using lysis buffer. The target
proteinwas eluted with a stepwise gradient of 50, 100 and 200 mM
imidazole. The eluted protein was dialysed against 20 mM Tris-HCl
buffer (pH 8.0) containing 150 mM NaCl and concentrated using
Millipore concentrators. For further cation exchange and gel
filtration purification, protein was loaded onto a 5 mL SOURCE™
15S 4.6/100 PE cation exchange column (GE Healthcare Life Sci-
ences) via FPLC (AKTA PURE, GE Healthcare Life Sciences) and
eluted over a salt gradient from 0.15 M to 1.5 M NaCl in elution
buffer (20 mM Tris-HCl, 150 mM NaCl, pH 8.0). The resulting
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Table 1
DNA and RNA oligonucleotides used in this study.

Name Complete sequence (50-30)

T1 crRNA GGGGAUUUAGACUACCCCAAAAACGAAGGGGACUAAAACUAGAUUGCUGUUCUACCAAGUAAUCCAU
Non-related T1 crRNA GGGGAUUUAGACUACCCCAAAAACGAAGGGGACUAAAACAACUUGUGGCCGUUUACGUCGCCGUCCA
T1 target RNA GGGGGCCAGUGAAUUCGAGCUCGGUACCCGGGGAUCCUCUAGAAAUAUGGAUUACUUGGUAGAACAG

CAAUCUACUCGACCUGCAGGCAUGCAAGCUUGGCGUAAUCAUGGUCAUAGCUGUUUCCUGUGUU
UAUCCGCUCACAAUUCCACACAACAUACGAGCCGGAAGCAUAAAG

S. aureus crRNA GGGGAUUUAGACUACCCCAAAAACGAAGGGGACUAAAACUAAAUGCACUUGCUUCAGGACCAUAUUU
S. aureus target RNA GGGCACCUGAAACAAAGCAUCCUAAAAAAGGUGUAGAGAAAUAUGGUCCUGAAGCAAGUGCAUUUA

CGAAAAAAAUGGUAGAAAAUGCAAAGAAAAUUGAAGUCGAGUUUGACAAAGGUCAAAGAACU
GAUAAAUAUGGACGUGGCUUAGCG

S. aureus target F (for nuc gene
amplification)

TAATACGACTCACTATAgggCACCTGAAACAAAGCATCCTAAA

S. aureus target R (for nuc gene
amplification)

CGCTAAGCCACGTCCATATT

S. aureus qPCR F CACCTGAAACAAAGCATCCTAAA
S. aureus qPCR R CGCTAAGCCACGTCCATATT
Reporter RNA 6-FAM-UUGGCGUAAUCAUGGUCAUA-BHQ1

Note: F ¼ forward primer; R ¼ reverse primer. The bolded part is the hybridisation part between target RNA and its respective
crRNA; The T7 promoter is underlined; ggg is required for T7 transcription.
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fractions were tested for presence of LwCas13a by SDS-PAGE, and
fractions containing the protein were pooled and concentrated via
Millipore concentrator. The concentrated proteinwas loaded onto a
gel filtration column (Superdex® 200 Increase 10/300 GL, GE
Healthcare Life Sciences) via FPLC. The eluted protein was dialysed
against buffer (50 mM Tris-HCl, 600 mM NaCl, 10% glycerol, 2 mM
DTT, pH 7.5) and concentrated. The protein concentration was
measured based on Lambert-Beer law and frozen at �80 �C for
further usage.

2.5. Preparation of crRNA and target RNA

For preparation of crRNAs for S. aureus detection, a single-
stranded cognate DNA oligonucleotide with T7 promoter
sequence was annealed with a primer sequence having a comple-
mentary T7 primer sequence (final concentrations 10 mM), which
was then transcribed to crRNA using the HiScribe T7 Quick High
Yield RNA Synthesis Kit (New England Biolabs). This transcription
reaction was carried out at 37 �C overnight. Subsequently, the
product crRNAwas purified usingMonarch® RNACleanup Kit (New
England Biolabs). Nuc gene amplification from gDNA of S. aureus
was carried out by conventional PCR using Taq PCR MasterMix II
(Tiangen Biotech.), which was subsequently collected for target
RNA preparation using the HiScribe T7 Quick High Yield RNA
Synthesis Kit (New England Biolabs). This transcription reaction
contained 4 mL PCR product, 1 mL T7 polymerase, 1 mM NTP Mix to
reach a 30 mL reaction, which was incubated for 1 h at 37 �C fol-
lowed by a 10 min heating at 75 �C to denature the RNA
polymerase.

2.6. Feasibility analysis of LwCas13a for nucleic detection

A target, named as T1, was synthesized as DNA form and tran-
scribed into RNA. crRNA was designed and transcribed. The se-
quences of T1 target RNA and crRNA were shown in Table 1. The
RNA reporter was labelled by 50 6-FAM (Fluorescein) fluorophore
and 3’ BHQ1. The detection assays were performed with 45 nM
purified LwCas13a, 25 nM crRNA, 100 nM quenched fluorescent
RNA reporter, 2 mL murine RNase inhibitor, and 1 mM target RNA,
unless otherwise indicated, in a 100 mL reaction buffer with 40 mM
Tris-HCl, 60 mMNaCl, 6 mMMgCl2, pH 7.3. Assays were carried out
at 37 �C and kinetic data were recorded in a Tecan Infinite® 200 Pro
plate reader (Tecan, Switzerland) with excitation and emission
wavelengths at 484 nm and 529 nm respectively and fluorescent
intensities were measured every 30 s.

2.7. Standard curves, sensitivity and specificity of CCB-Detection for
sensing S. aureus

The extracted genomic DNA was used as a template for setting
up the standard curve for CCB-Detection for sensing S. aureus. As-
says were performed by using 45 nM purified LwCas13a, 25 nM
crRNA, 100 nM quenched fluorescent RNA reporter, 2 mL murine
RNase inhibitor (New England Biolabs), and varying concentrations
of input nucleic acid target, in a 100 mL reaction buffered with
40 mM Tris-HCl, 60 mM NaCl, 6 mM MgCl2, pH 7.3. Assays were
carried out at 37 �C and kinetic data were recorded in a Tecan
Infinite® 200 Pro plate reader (Tecan, Switzerland) with excitation
and emission wavelengths at 484 nm and 529 nm respectively and
fluorescent intensities were measured every 30 s. The different
bacterial concentrations expressed as (logCFU/mL) were plotted
against the corresponding fluorescent values [25]. To test the
specificity of the system, Genome DNA, extracted from six different
organisms including bacteria, fungi and human cells separately,
was amplified and transcribed using S. aureus primers, followed by
CCB-Detection. Each data point was tested in triplicate. The LOD
was defined as the lowest detectable quantities of bacteria.

2.8. Detection of S. aureus in food samples using proposed CCB-
Detection

Each sample of milk, juice, beer, and water was made a 10 times
dilution using double distilled H2O without other pre-treatment.
Then, these confirmed S. aureus negative samples were spiked
with different amount of S. aureus cells (density calculated using
traditional plate counting method). The spiked samples were
centrifuged at 12000 rpm for 2 min and the bacteria pellets were
firstly resuspended in TEX buffer (10 mM Tris-HCl, 1 mM EDTA and
1% TritonX-100, pH 8.0) with 200 mg/mL of lysostaphin and lyso-
zyme. The mixture was incubated at 37 �C for 0.5 h. Proteinase K
(final concentration 0.5 mg/mL) and RNase A (final concentration
0.1 mg/mL) were added to each sample mixture and incubated at
56 �C for 30 min. Finally, each sample was incubated at 95 �C for
10 min to denature the enzyme, which was used subsequently for
the CCB-Detection. Commercial milk samples were exposed to
routine environment condition and 2mL samples were taken every
24 h in a 5-day time slot. A part of each sample was diluted with
saline, and the appropriate dilution was applied to the plate with
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Baird-Parker agar base. The plates were incubated at 37 �C for 48 h.
Then the typical S. aureus colonies were counted and the average
numbers of three parallel dishes were recorded. The rest of each
sample was tested using the CCB-detection, and the detection
process was identical to the above-mentioned CCB-detection for
testing S. aureus spiked samples.
2.9. Comparison with conventional culture-based counting,
chromogenic petrifilm test, qPCR and fluorescent visualisation
method for S. aureus detection

For conventional culture-based counting of S. aureus, the bac-
teriawere cultured in LB (Luria-Bertani) brothmedium for 12 h. The
cell suspension was subjected to gradient dilution. 100 mL of each
dilutionwas plated on Baird-Parker agar base in duplicate, followed
by incubation at 37 �C for 48 h to allow the bacteria to grow. Col-
onies were counted and the average numbers of three parallel
dishes were recorded. For MicroFast®2 SA petrifilm detection, 1 mL
of each dilution was plated on the petrifilm (Longrun Bio-Tech,
China) according to the manufacturer’s protocols, followed by in-
cubation at 37 �C for 24 h to allow the bacteria to grow. For qPCR
experiments, the genomic DNA extraction step was exactly the
same as that used for CCB-Detection in the above section (2.3
Bacteria genomic DNA extraction). Each reaction was performed in
a 20 mL mixture containing 10 mL 2 � SYBR Green qPCR Master Mix
(Bimake.com, USA), 0.5 mL gDNA of S. aureus (template), 0.4 mL
50 � ROX reference dye and 200 nM of each primer. The cycling
protocol was 95 �C for 20min, 40 cycles of denaturation (95 �C, 3 s),
and annealing and extension (60 �C, 30 s), using an Applied Bio-
systems StepOne™ Real-Time PCR System. The different bacterial
concentrations (expressed as logCFU) were plotted against the cor-
responding Cq values. A negative control using water to replace
DNA template was included.
Scheme 1. Proposed CCB-Detection for S. aureus sensing (A) and the schematic of ssR
2.10. Statistical analysis

The values obtained in the triplicated experiments were
expressed as the mean ± standard deviation (SD) and analysed by
Student’s t-test if necessary. All statistical analyses were performed
using SPSS 17.0 software and P < 0.05 was considered statistically
significant.
3. Results and discussions

3.1. Application of the proposed CCB-Detection for bacterial
detection

In the first place, we proposed a sensing strategy using CRISPR-
Cas13a biosensing system for detection of the model analyte
S. aureus. Scheme 1 depicted the steps and estimated timing for this
method. The species-specific S. aureus nuc gene (whole length 694
bp) was chosen as the target gene sequence because it encodes
thermonuclease and widely used as a specific target for the iden-
tification of S. aureus. T7 transcription was then carried out to
transcribe double-stranded DNA (dsDNA) amplicon to single-
stranded RNA (ssRNA); the latter was then subjected to Cas13a
recognition and the collateral RNase cleavage of a pre-added
doubly labelled ssRNA was finally achieved resulting in de-
quenching of FAM fluorophore from BHQ1 (black hole quencher
1) to generate significantly enhanced fluorescence. The change of
fluorescence intensity could be readily recorded and processed for
quantification of the analyte. Thewhole detection process was done
within 4.0 h. The purified Cas13a protein was shown in Figure SI-1.
The extraction of gDNA of S. aureus and the preparation of crRNA
were shown in Figure SI-2.

In order to verify this, we firstly tested the feasibility and
specificity of LwCas13a. A target, named as T1, was synthesized as
NA target and crRNA used in this study (B). The target site is highlighted in red.

http://Bimake.com


Fig. 1. Proof-of-principle for CCB-Detection for S. aureus sensing. A: Feasibility assessment of CCB-Detection. The RNA reporter was labelled by 50 6-FAM (Fluorescein) fluorophore
and 30 BHQ1. The detection assays were performed with 45 nM purified LwCas13a, 25 nM crRNA, 100 nM quenched fluorescent RNA reporter, 2 mL murine RNase inhibitor, and
1 mM target RNA, unless otherwise indicated, in a 100 mL reaction buffer. B: The real time fluorescence recording for CRISPR-Cas13a cleavage upon different concentrations of input
target RNA. C: The fluorescence intensities of FAM dye under different concentrations of target input RNA (data were extracted from Fig. 1B). D: The fluorescent intensities for
CRISPR-Cas13a cleavage with and without initial PCR amplification. n ¼ 3 technical replicates; error bars represent mean ± SD.
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DNA form and transcribed into RNA. crRNA was designed and
transcribed. The sequences of T1 target RNA and crRNAwere shown
in Table 1. The RNA reporter was labelled by 50 6-FAM (Fluorescein)
fluorophore and 3’ BHQ1. As shown in Fig. 1A, in the absence of
correct crRNA or target RNA, the readout stayed almost unchanged
at the time of investigation; in contrast, only upon the right target
RNA and crRNA, the signals of Cas13a mediated cleavage was trig-
gered, generating significantly increased fluorescent signal (FL). It
was also confirmed that there was a target RNA concentration-
dependent signal increment for Cas13a collateral detection, indic-
ative of capability for sensing (Fig. 1B and C). Additionally, the
conventional PCR method could be used for initial gene amplifi-
cation for sensing nuc gene of S. aureus. However, when Cas13awas
integrated, it enabled a highly sensitive detection of nuc gene. As
shown in Fig. 1D, with the aid of PCR, the LOD would reach 100 aM
DNA; while the detection devoid of PCR amplification only allowed
a LOD of 109 aM DNA. This remarkable difference further
Fig. 2. The detection utility of the proposed CCB-Detection for S. aureus sensing. A: Fluoresce
fluorescence (t ¼ 10 min) on S. aureus concentrations and the linear relationship between flu
mL). n ¼ 3 technical replicates; error bars represent mean ± SD.
emphasized the necessity of initial gene amplification by PCR. Thus
CRISPR-Cas13a biosensing system integrated with PCR amplifica-
tion is more sensitive than CRISPR-Cas13a alone for detection of
RNA.

3.2. Specific and sensitive detection of foodborne bacterial
pathogen S. aureus

Next, we endeavored to use this CCB-Detection for detecting
S. aureus. The relationship between fluorescence intensity and the
concentrations of S. aureus was tested (Fig. 2). With incremental
amounts of S. aureus, more ssRNA can be eventually obtained and
thus more Cas13a ssRNA collateral cleavage was activated resulting
in a significant increase in fluorescence, evidenced by the 529 nm
emission fluorescence of FAM labels (excited at 484 nm). Fig. 2A
showed that changes in fluorescence upon different concentrations
of S. aureus. When plotting the fluorescence intensities against the
nce recording for S. aureus samples with different concentrations. B: The dependence of
orescence intensity and S. aureus concentration (100, 101, 102, 103, 104, 105, 106,107 CFU/



Fig. 3. Selectivity of proposed CCB-Detection for S. aureus sensing over other common
cells. The data were obtained by triplicated experiments. DFL intensity ¼ FL of each
sample tested by CCB-Detection - FL of sample without target RNA. Please note that
104 CFU/mL concentration was adopted for each type of cells in this test. n ¼ 3 tech-
nical replicates; two-tailed Student’s t-test; ****p < 0.0001; bars represent mean ± SD.

Table 2
Results of CCB-Detection for detection of S. aureus in some spiked diary food samples.

Samples (CFU/mL) (Mean ± SD)

Traditional culture method 5.0 � 105 ± 2.0 � 104

CCB-Detection beer 4.7 � 105 ± 5.7 � 104 (p ¼ 0.6014)
juice 4.1 � 105 ± 3.8 � 104 (p ¼ 0.1241)
milk 4.2 � 105 ± 5.6 � 103 (p ¼ 0.0596)
water 4.6 � 105 ± 2.0 � 104 (p ¼ 0.2789)

Fig. 4. Detection of S. aureus in contaminated sour milk samples (with unknown bacteria) b
conventional culture-based counting method. ND ¼ not determined. For Fig. 4B and 100 mL b
would be colonies numbers/100 mL, which equals to 10 � colonies numbers/mL. The day 1
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concentrations of added S. aureus, a linear relationship (R2 ¼ 0.994)
was obtained over the range from100 to 107 CFU/mL (Fig. 2B). Based
on the method adopted by Zhang group [5], the fluorescence in-
tensities between 1 CFU/mL and 0 CFU/mL were compared, and a
significantly statistical difference (p < 0.0001) was observed
(Figure SI-3), and thus a 1 CFU/mL limit of detection was obtained.

The selectivity for S. aureus over some other common prokary-
otic and eukaryotic cells was investigated. Fig. 3 presented the
histograms of fluorescence intensity in solutions of S. aureus and
other cell culture samples. It was observed that other interference
(both prokaryotic and eukaryotic cells) at a five-fold higher con-
centration than S. aureus, did not show any influence to the assay
based on the almost unchanged fluorescence intensities. Thus these
competing cells only had a negligible effect on our detection sys-
tem. This approach exhibited high selectivity for S. aureus, which
enabled its scope for future use.

There is a difference of the analytical signal obtained for a
concentration of 104 CFU/mL presented in Figs. 2 and 3. It may be
caused by the different amplification cycles when preparing the
target. In order to get enough template, PCR amplification cycles in
Fig. 3 were more than those in other experiments. So, there is a
higher fluorescence intensity in Fig. 3 for a concentration of
104 CFU/mL.
5.0 � 103 ± 2.0 � 102 5.0 � 101 ± 2.0 � 100

4.9 � 103 ± 7.4 � 102 (p ¼ 0.8647) 4.3 � 101 ± 9.3 � 100 (p ¼ 0.4146)
4.7 � 103 ± 6.3 � 101 (p ¼ 0.3389) 4.1 � 101 ± 0.2 � 100 (p ¼ 0.0576)
4.5 � 103 ± 1.3 � 102 (p ¼ 0.1615) 4.3 � 101 ± 8.1 � 100 (p ¼ 0.3764)
4.8 � 103 ± 1.7 � 102 (p ¼ 0.4376) 4.8 � 101 ± 0.3 � 100 (p ¼ 0.4609)

y using CCB-Detection. A: the results of CCB-Detection. B: sour milk samples subject to
acterial culture was spread onto each plate. The calculation of concentration of S. aureus
to day 5 denotes that how many days the contaminated milk has been kept.

http://dict.cn/eucaryotic;%20eukaryotic
http://www.baidu.com/link?url=nSh62sqCb_xIUMIfZbaN1qD1tU3LJyZTUZ2jFPr5jg2_vq2KwWPeTSjttR8se15D6wsBECb-5dkm3pH2GszdXLgDkiaztKLtO5QO6Em_89C


J. Zhou et al. / Analytica Chimica Acta 1127 (2020) 225e233 231
3.3. The use of proposed CCB-Detection for detection of S. aureus in
real food samples

On the basis of the success of using CCB-Detection for sensing
S. aureus contaminated samples in ddH2O, the application of this
system was further explored for detection of S. aureus in real food
samples. The beer, juice, milk and water samples were used for
testing. All these S. aureus negative samples were spiked with
S. aureus at a series of concentrations. For comparison, concentra-
tions of added S. aureus were obtained using traditional plate
counting method which is a “gold standard” method. As shown in
Table 2, CCB-Detection was competent in detection of S. aureus in
sour milk samples with unknown amount of bacteria (Fig. 4), and
the data obtained by CCB-Detectionwere not significantly different
(P > 0.05) from the data derived from conventional culture-based
counting method, suggesting our developed method was success-
ful to detect S. aureus in real food samples.

3.4. Comparison of CCB-Detection with other routine methods

Finally, a side-by-side comparison was performed in order to
compare the proposed CCB-Detectionwith other well-proved ones.
The S. aureus contaminated water samples were used in this study.
Parallel prepared water samples with S. aureus concentrations from
105 CFU/mL to 100 CFU/mL were subjected to analysis. As shown in
Fig. 5A and B, numbers of colonies were formed on the bacteria
positive samples, which agreed well with the initial concentrations
of the pathogen S. aureus. The real time quantitative PCR (qPCR)
was also applied, which demonstrated a detection limit of 104 CFU/
mL and the linear range spanning from 105 to 109 CFU/mL (Fig. 5C).
Bacteria positive samples were detected by CCB-Detection and the
levels of S. aureus infection were directly obtained based on the
fluorescence readout (Fig. 5D). The total assay time of CCB-
Detection was within 4.0 h, which is another advantage since the
operation of culture-based counting requires at least 48 h. Even if
the qPCR method was able to provide results in hours, the sensi-
tivity was less satisfactory. Additionally, the proposed method was
compared with previously reported assays (Tables SIe1), and it
shows CDC-Detection provided better performance in terms of LOD
and detection linear range. In summary, this novel CCB-Detection
Fig. 5. The comparison of proposed CCB-Detection with other well-established methods for
to gradient dilution. 1 mL of each dilution was plated on the petrifilm followed by incuba
(100 mL) was spread onto Baird-Parker agar base followed by incubation at 37 �C for 48 h.
plotted against the corresponding Cq values. n ¼ 3 technical replicates; bars represent mea
demonstrated superior performance in sensitivity, specificity,
detection time and ease of use.

For bacterial pathogen detection, plate counting and PCR are
both classic methods [26,27]; and also serve as national food in-
spection standards worldwide. Despite being highly reliable and
robust, the time-consuming operation process, the requirement of
specialised equipment and trained professionals usually restrict
their applications in rapid and on-site detection. In this regard, our
proposed CCB-Detection could be a fine complementary or alter-
native method to the above traditional methods. Moreover, as a
novel core of detection, this strategy could be put to the “tool box”
as a “module” for analysts, which can be further coupled with other
well established methods in a “plugged in” manner. For example,
CRISPR-Cas13a could be integrated with other nucleic acid ampli-
fication techniques such as RPA (recombinase polymerase ampli-
fication), LAMP (loop-mediated isothermal amplification) and RCA
(rolling circle amplification) as the versatile replacement to PCR,
which could facilitate instrument-free on-site detection [28,29].
Besides, CCB-Detection could be assembled with some fast and/or
visual detection techniques to translate “bacterial signals” to
colorimetric [30], electrochemical signals [31,32], lateral flow strip
readouts [21] or integrated with microfluidic biosensor [33].

3.5. The rational choice of Cas13a instead of Cas12a

We then ask why we chose Cas13a instead of Cas12a in CDC-
Detection? Cas12a is another CRISPR effector, which takes dsDNA
or ssDNA as substrate and has been developed for biosensing pre-
viously without the need of transcription process [38]. Reasons to
select Cas13 are 1) based on our experimental data, we found that
in terms of trans-cleavage/collateral cleavage, Cas13a was more
active than Cas12a, suggesting that it resulted in more fluorescence
enhancement than Cas12a. This Cas13a has a larger linear range (D
fluorescence) and a better signal-to-background ratio (S/BG) for
detection. 2) adding the transcription process in herein study using
Cas13, was not seemingly a tedious step, but had its advantage.
During this transcription process, the PCR ampliconwere amplified
again (the nuc gene was amplified twice by PCR and transcription
steps) resulting in a more sensitive detection and a lower LOD. 3)
for comparison, Cas12a was used to detect S. aureus. The LOD (limit
detection of S. aureus. A: chromogenic petrifilm test. The cell suspension was subjected
tion at 37 �C for 48 h. B: conventional culture-based counting method. Each dilution
C: qPCR method. The different bacterial concentrations (expressed as log(CFU/mL)) were
n ± SD. D: CCB-Detection. n ¼ 3 technical replicates; bars represent mean ± SD.
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of detection) of S. aureus for Cas13a based method was 1 CFU/mL,
while the LOD for Cas12a based method was 103 CFU/mL, which
will be reported in a separate study. Cas13a was far better than
Cas12a in terms of detection sensitivity. The sensitivity is crucial for
S. aureus detection since the range for S. aureus is usually below
from 10 to 104 CFU/mL [39] although different countries have
different regulations in term of the concentrations of S. aureus. This
reinforces the needs to develop highly sensitive detection methods.
To meet this sensitivity requirement, a Cas13a based method with a
1 CFU/mL LODwas selected in herein study. 4) we have noticed that
the CRISPR type III effector nuclease Csm6 could be leveraged,
which is activated by cyclic adenylate molecules or linear adenine
homopolymers terminated with a 20,30-cyclic phosphate. According
to the work done by Zhang group, by combing the Cas13a with
Csm6, the trans-cleavage signals were enhanced by more than 8
folds, leaving a larger increase for detection [13]. Therefore, if using
Cas13a, the trans-cleavage signals could be further enlarged with
Csm6, which could not be achieved by Cas12a. Thus by sacrificing
one additional step of transcription, Cas13a was desirable for this
study in order to achieve the critical sensitivity. Therefore, our se-
lection of Cas13a for herein CDC-Detection is the result of careful
consideration of all factors in terms of sensitivity, selectivity, assay
time et al.
4. Conclusions

In summary, we have successfully developed the CCB-Detection
for sensing bacterial evidenced by specific and sensitive detection
of S. aureus. This method benefits from the striking sequence
recognition capability of Cas13a-crRNA complex and the subse-
quent incurs promiscuous RNase activity of Cas13a nuclease. The
former can be utilised for gene sequence identification and the
latter can be adopted for generating readout using a fluorophore-
quencher doubly labelled ssRNA molecule. This enables the high-
ly specific and sensitive detection of DNA. As we know, genetic
information is contained in the nucleotide sequence of DNA (and
sometimes RNA). Therefore the detection of DNA is crucial for
identification and quantification of microorganisms of interest.
With the help of conventional nucleic acid amplification technol-
ogy such as PCR, this method could be used for bacterial sensing in
a wide concentration range with a low limit of detection. Though
there is intensive research in nano-, aptamer-based biosensors
[34,35], the pursuit of novel detection strategy has always been
underway. CRISPR-Cas biology promises rapid, accurate, portable
and multiplexed diagnostic tools [36,37]. In conclusion, our current
workwould enrich the reach of CRISPR-Cas biology based detection
[40e46]. Although there are many other methods for bacterial
sensing [47e50], our Cas13a based method has demonstrated its
advantages. Also, with proved reliability, sensitivity, specificity and
simplicity, our proposed method could be extended and general-
ised for other bacterial detection, promising towin applications in a
wide range of areas such as food safety inspection, disease diag-
nosis, environment monitoring, etc.
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