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For some Cas nucleases, trans-cleavage activity triggered by CRISPR/Cas-mediated cis-cleavage upon target nucleic acid
recognition has been explored for diagnostic detection. Portable single and multiplex nucleic acid-based detection is needed for
crop pathogen management in agriculture. Here, we harnessed and characterized RfxCas13d as an additional CRISPR/Cas
nucleic acid detection tool. We systematically characterized AsCas12a, LbCas12a, LwaCas13a, and RfxCas13d combined with
isothermal amplification to develop a CRISPR/Cas nucleic acid-based tool for single or multiplex pathogen detection. Our data
indicated that sufficient detection sensitivity was achieved with just a few copies of DNA/RNA targets as input. Using this tool,
we successfully detected DNA from Fusarium graminearum and Fusarium verticillioides and RNA from rice black-streaked
dwarf virus in crude extracts prepared in the field. Our method, from sample preparation to result readout, could be rapidly and
easily deployed in the field. This system could be extended to other crop pathogens, including those that currently lack a
detection method and have metabolite profiles that make detection challenging. This nucleic acid detection system could also be
used for single-nucleotide polymorphism genotyping, transgene detection, and qualitative detection of gene expression in the
field.
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INTRODUCTION

Pathogens such as bacteria, fungi, and viruses pose major
threats to crop production and quality worldwide. For in-
stance, the fungal pathogen Fusarium graminearum (FG) is
the main cause of Fusarium head blight, a global, devastating
disease of wheat (Triticum aestivum) and barley (Hordeum
vulgare) (Bai and Shaner, 2004). FG also causes Gibberella
ear rot and stalk rots in maize (Zea mays), resulting in yield

losses and poor product quality due to the presence of the
trichothecene mycotoxins in grains (Wen et al., 2020; Yang
et al., 2010). Fusarium verticillioides (FV), another multi-
phytopathogenic Fusarium species that is widely distributed
throughout the world, threatens cereal production and food
quality, producing toxic compounds such as fumonisins in
maize and wheat grains (Deepa and Sreenivasa, 2017). FG
and FV are closely related and can co-occur, resulting in
maize root rot, stalk rot, and ear rot disease (Chandra Nayaka
et al., 2009; Wen et al., 2020; Yang et al., 2010). In addition
to fungal pathogens, the RNAvirus rice black-streaked dwarf
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virus (RBSDV), a member of the genus Fijivirus in the fa-
mily Reoviridae, naturally infects graminaceous crops in-
cluding rice, wheat, and maize, leading to great yield losses
(Cheng et al., 2013; Zhou et al., 2016). RBSDV viral RNAs
are mainly transmitted by small brown planthopper (SBPH)
in a propagative, persistent, and migratory manner among
the rice, wheat, and maize hosts, leading to the rice black-
streaked dwarf, wheat dwarf, and maize rough dwarf dis-
eases, respectively (Cheng et al., 2013).
The establishment of detection and monitoring methods

for these pathogens and their intermediate hosts will con-
tribute to crop protection and, therefore, crop production.
Several direct or indirect methods have been developed to
detect and monitor pathogens, including polymerase chain
reaction (PCR), fluorescence in situ hybridization, im-
munofluorescence, flow cytometry, and gas chromato-
graphy-mass spectrometry (GC-MS) (Fang and Ramasamy,
2015). The specific nucleic acid features of pathogens (due
to their genome diversity) form the basis for the development
of direct, sensitive detection methods, even between closely
related pathogens (Nimse et al., 2016). Nevertheless, it is still
challenging to establish a field-deployable method that en-
ables rapid identification of single and/or multiple closely
related pathogens.
A number of bacterial systems based on clustered regularly

interspaced short palindromic repeats (CRISPR) and
CRISPR-associated protein (Cas) with RNA-guided RNA-
or DNA-targeting ability have been harnessed as sensitive
nucleic acid detection tools (Abudayyeh et al., 2019; Chen et
al., 2018; East-Seletsky et al., 2016; Gootenberg et al., 2017;
Gootenberg et al., 2018; Harrington et al., 2018). The core
rationale is that crRNA/Cas exhibits cis-cleavage activity
upon target nucleic acid recognition that can trigger trans-
cleavage activity on non-target reporter molecules, allowing
for fluorescence or lateral-flow readout for nucleic acid de-
tection (Chen et al., 2018; Gootenberg et al., 2017). The
RNA-guided DNA targeting of Cas12a can trigger DNase
cleavage of single-stranded (ss) DNA reporters in trans,
whereas ssRNA is not capable of triggering trans-cleavage
and is not susceptible to degradation by Cas12a (Chen et al.,
2018). The RNA-guided RNase activities of Cas13a (for-
merly called C2c2) allow for the sensitive detection of cel-
lular RNA transcripts (East-Seletsky et al., 2016). New
CRISPR/Cas systems, such as Cas12b (Teng et al., 2019) and
Cas13d (EsCas13d and RspCas13d) (Qiao et al., 2021),
continue to be developed as nucleic acid detection or geno-
typing tools. Cas13d has a remarkably compact protein size,
and one ortholog derived from Ruminococcus flavefaciens
XPD3002 (RfxCas13d) has highly efficient, robust, specific
RNA interference activity in both mammals and plants
(Konermann et al., 2018; Kushawah et al., 2020; Mahas et
al., 2019; Yan et al., 2018; Zhou et al., 2020). The collateral
activity of RfxCas13d was recently developed as a diag-

nostic tool for SARS-CoV-2 (Brogan et al., 2020).
A sensitive, multiplex, field-deployable method is needed

for pathogen monitoring in crops to successfully diagnose
complex diseases due to co-occurring pathogens in a timely
manner. The detection sensitivity of CRISPR/Cas is sub-
stantially improved to attomolar sensitivity when coupled
with isothermal recombinase polymerase amplification
(RPA) for DNA targeting and reverse transcription RPA (RT-
RPA) for RNA targeting, enabling detection of both DNA
and RNA using Cas13 or Cas12 (Gootenberg et al., 2017).
These findings provide a basis for designing simple tools for
single and/or multiplex pathogen detection. One concern is
the preparation of suitable field samples that meet the re-
quirements as substrates for these systems. To enable field-
deployable diagnostics for detecting Zika and dengue viru-
ses, heated bodily fluids were utilized as samples, resulting
in sensitive detection within 2 h (Myhrvold et al., 2018).
These studies provide an excellent basis for developing
portable single or multiplex detection systems for crop pa-
thogens in the field. However, the use of such systems to
detect major crop pathogens has not been tested.
In this study, we (i) harnessed and characterized

RfxCas13d as a nucleic acid detection tool; (ii) compared the
kinetics of AsCas12a, LbCas12a, LwaCas13a, and
RfxCas13d to develop good multiplex combinations; and
(iii) developed a rapid, field-deployable diagnostic tool using
both Cas12 and Cas13 to detect the above-mentioned RNA
or DNA crop pathogens. Our newly developed single and/or
multiplex detection system successfully detected important
pathogens in the field in only 30–60 min. This system could
also be used for the detection of other pathogens and for
qualitative genotyping in the field.

RESULTS

Harnessing CRISPR-RfxCas13d for nucleic acid detec-
tion

RfxCas13d has high in vivo targeting cleavage activity with
important potential applications (Zhou et al., 2020). Here, we
tried to reprogram RfxCas13d for RNA nucleic acid detec-
tion. First, we expressed RfxCas13d along with AsCas12a,
LbCas12a, and LwaCas13a and confirmed their quality
(Figure S1 in Supporting Information). When designing a
nucleic acid detection system, the use of a specific signaling
reporter and the sensitivity, kinetics, and specificity of spacer
crRNA/target-triggered cleavage activity are core parameters
that must be characterized. To identify ssRNA homopolymer
reporters for RfxCas13d, we tested FAM-labeled ssRNA
reporters with four different RNA base compositions. Re-
actions using poly(rU) ssRNA reporters displayed high
specificity upon crRNA/target recognition. Therefore, la-
beled poly(rU) ssRNA reporters could enable sensitive
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fluorescence readouts, meeting the criteria for detection
using RfxCas13d (Figure 1A).
To detect direct repeat (DR) sequences of crRNA, we

tested seven different DRs from all currently known Cas13d
orthologs (Table S1 in Supporting Information) (Konermann
et al., 2018). The crRNAs with RfxDR and UrDR sequences
exhibited faster kinetics than the others (Figure 1B). This
finding helped us develop a rapid detection system with a
readout time of 20–30 min using RfxCas13d. To test the
crRNA/target specificity of RfxCas13d for detection, we
tested a series of positional single- and double-mismatch
spacer crRNAs (SMS and DMS) in the core region of crRNA
from site 6 to 25 (Figure 1C and D; Table S1 in Supporting
Information). The cleavage activity was significantly sensi-
tive to SMS at positions 11, 13, and 17 (Figure 1C). Almost
no DMS crRNAs with an additional mismatch at SMS11
generated a good detection signal (Figure 1D). We also
performed target/crRNA specificity tests in which the mis-
matches were placed into the targets (Figure 1E). Analysis of
the detection of sequences with mismatches between the
crRNA/target in either direction (Figure 1C–E) indicated that
the reprogrammed RfxCas13d successfully discriminated the
targets with just 1–2-nucleotide specificity. Together, these
results demonstrate that RfxCas13d could be used as a sen-
sitive and specific nucleic acid detection tool.

Kinetics of the detection sensitivity of RPA using Cas12
and Cas13 combined with DNA and RNA inputs

AsCas12a and LbCas12a preferentially cleaved polymer
reporters at polyA, polyT, and polyC sites (Figure S2 in
Supporting Information), whereas LwaCas13a and
RfxCas13d preferentially cleaved polyrU sites (Figure 1A;
Figure S2 in Supporting Information). In addition, NEB
CutSmart buffer showed the best compatibility with different
Cas effectors with the best cleavage kinetics (Figure S3A in
Supporting Information). These data lay the foundation for
multiplex detection using Cas12 and Cas13 in the same re-
action. Previous studies indicated that RPA for DNA targets
and RT-RPA for RNA targets can substantially improve de-
tection sensitivity and data readouts (Figure 2A). We there-
fore reasoned that the systematic evaluation of CRISPR/Cas
systems would help us design a system for multiplex de-
tection by excluding cleavage activity bias among enzymes.
We conducted kinetic analysis of cleavage efficiency com-
bined with RPA or RT-RPA upon serial dilution of synthetic
DNA and RNA substrates (Figure 2B and C). AT7 promoter
sequence was added to the 5′ end of the synthetic RPA pri-
mers and RT-RPA primers so that the RPA- or RT-RPA-
amplified DNA could be transcribed into ssRNA by T7 RNA
polymerase. These T7-transcribed RNAs provided ssRNA

Figure 1 Harnessing and characterizing RfxCas13d as a nucleic acid detection tool. A, Identification of an ssRNA homopolymer reporter that could be used
with RfxCas13d. B, Characterization of the targeting efficiency of RfxCas13d for different DRs from seven reported Cas13d orthologs (Konermann et al.,
2018). C and D, crRNA/target specificity test using mismatches in crRNA. The targeting efficacy of RfxCas13d for crRNAs with a single mismatch (SMS)
and double mismatch (DMS) at serial positions in the core spacer RNA region from site 6 to 25. The fluorescence intensities are shown corresponding to the
SM and DM positions. Position 11 was selected as the fixed site of DM based on the results of SM sensitivity tests. Perfect match spacer crRNA (PMS) was
used as a control. E, Target/crRNA specificity test using mismatches in targets. Collateral activity of RfxCas13d on ssRNA0 (original ssRNA), ssRNA1
(original ssRNAwith a single mutation at position 11), and ssRNA3 (original ssRNAwith a double mutation at positions 11 and 13) with crRNA0 (original
crRNA), crRNA1 (original crRNAwith a single mutation at position 11), and crRNA2 (original crRNAwith a double mutation at positions 11 and 13). The
red bumps in the crRNAs indicate the mismatch sites. The red dots in the crRNA1, crRNA2, and ssRNA1, ssRNA2 indicate the positions with different
nucleotides in crRNA0 and ssRNA0, respectively. All data were produced from three technical replicates, and data are shown as mean±SD.
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targets for LwaCas13a and RfxCas13d, resulting in collateral
effects on crRNA/Cas13a target recognition.
As observed in the images in Figure 2B and C above each

panel, 109 attomolar (aM; equal to 10−9 mol L−1) of DNA or
RNA input could easily be distinguished using Cas12 with
non-RPA (Figure 2B, two left panels) and using Cas13 with
non-RT-RPA (Figure 2C, two right panels). Combined with
RPA or RT-RPA, the detection sensitivity of the Cas12 and
Cas13 systems was approximately 1 aM (Figure 2B and C),
which allowed us to detect a 20-μL reaction containing only
a few copies of target DNA/RNA molecules. These results
indicate that the Cas12- and Cas13-based systems have
sensitive detection capacities.

Single and/or multiplex detection of the DNA pathogens
FG and FV

FG and FVare two major pathogens that cause maize ear rot
disease, resulting in yield losses and poor crop quality
(Figure 3A). Preliminary verification experiments based on
PCR detection confirmed the identities of FG and FV (Figure

S4 in Supporting Information). We then tested the single and/
or multiplex detection systems using samples from the field.
To discriminate between these two fungi, we obtained crude
DNA extracts by subjecting the samples to lysis for 6 min at
37°C and used them as substrates for direct detection via
RPA. Both the fluorescent signals and the data readout in-
dicated that all four Cas effectors successfully distinguished
between FV (Figure 3B) and FG (Figure 3C) using a single
target site. These pathogens were also detected qualitatively
using LbCas12a-based lateral-flow strips (Figure 3D).
DNA and/or RNA homopolymers with different labels are

ideal materials for multiplexing between Cas12 and Cas13
due to their different base preferences for collateral nuclease
activity. We chose LbCas12a and LwaCas13a to target two
different ssDNA and/or ssRNA sites, customized ssDNA
reporters for LbCas12a were labeled with HEX fluorescein,
and ssRNA reporters for LwaCas13a were labeled with FAM
fluorescein. Then, we successfully performed multiplex de-
tection of double targets of FV (Figure 3E) and FG (Figure
3F) by combining LbCas12a and LwaCas13a. We also at-
tempted to detect both FV and FG in a single reaction by

Figure 2 Kinetics of detection sensitivity using Cas12 and Cas13 with DNA and RNA inputs. A, Diagram of nucleic acid detection using Cas12 or Cas13 to
detect DNA and RNA. B and C, The detection sensitivity of four nucleic acid detection systems using different concentrations of DNA (B) and RNA (C) as
target inputs. Synthetic DNA (B) or RNA (C) substrate was diluted to different concentrations and added to the CRISPR/Cas12a or CRISPR/Cas13 reaction
with or without RPA or RT-RPA amplification. Fluorescent signals were monitored, and photographs taken at 30 min (for CRISPR/Cas12) or 60 min (for
CRISPR/Cas13). n=3 technical replicates; data are shown as mean±SD.
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mixing the positive samples as input (Figure 3G). Both the
visible fluorescent signals and data readout indicated that we
successfully determined whether maize exhibiting ear rot
was infected with FG and/or FV using only a single test. We
also collected data on the detection sensitivity using this
crude DNA extract as the substrate. The assay was sensitive
up to a dilution of 105-fold (Figure S5 in Supporting In-
formation).

Detection of the RNA pathogen RBSDV

We also tested the use of our field-deployable detection assay
for RBSDV, an RNA viral pathogen that is transmitted by
SBPH and infects rice, wheat, and maize. The presence of
RBSDV in these four different hosts (SBPH, rice, wheat, and
maize) was verified by RT-PCR (Figure S6 in Supporting
Information). To enable detection in the field, we optimized
the method for crude RNA extract preparation to meet the
requirements for portable detection outside of the laboratory
(MATERIALS AND METHODS). A lateral-flow readout
using LbCas12a (Figure 4A) and visual fluorescence using
both Cas12 and Cas13 with FAM-labeled probes (Figure 4B–
E) qualitatively identified RBSBV in the field in all four

hosts. These results indicate that this detection system is
highly compatible with different plant and animal species.
We also analyzed the detection sensitivity of our system
using this crude RNA extract as substrate. This assay was
sensitive up to a dilution of 104–105-fold (Figure S7 in
Supporting Information).

Minimal time and equipment are needed for portable
single or multiplex pathogen detection

Field-deployable systems are used to achieve real-time on-
site testing. Such systems allow the detection and monitoring
of crop pathogens to be enhanced for practical scenarios.
Portable systems must be employed in a short period of time
using minimal equipment. Using our system, the detection of
a single DNA target required only 26 min per assay (Figure
5A). Multiplex detection took as long as 30 min since the
kinetics of both Cas13s were slower than those of Cas12s
(Figure 2B and C). At the 30-min time point, the LwaCas13a
readouts were discernable but had slightly weaker signal
strength than those of LbCas12a (Figure 3E–G). We also
tested the ability to obtain a multiplex detection readout of
fluorescence from the RNA virus RBSDV using LbCas12a

Figure 3 Single or multiplex detection of FG and FVon raw crude samples using Cas12 and/or Cas13. A, Maize ears infected with FG (FG+) or FV (FV+).
B and C, Single detection of the DNA of fungal pathogens FV (FUM5 as the target) (B) and FG (TRI6 as the target) (C) using four CRISPR/Cas systems with
a FAM fluorescent reporter. D, Fast lateral-flow readout detection of FV (left panel; FUM5 as the target) and FG (right panel, TRI6 as the target) using
LbCas12a. E, Double-site multiplexed co-verification detection of FV (FUM5 and CaM as the double targets) using LbCas12a and LwaCas13a. F, Double-
site multiplexed co-verification detection of FG (TRI6 and Fg16 as the double targets) using LbCas12a and LwaCas13a. G, Multiplexed detection of FG
(TRI6 as the target) and FV (FUM5 as the target) using LbCas12a and LwaCas13a (30 min).FUM5 and CaM, the specific targets used to identify FV; TRI6
and Fg16, the specific targets used to identify FG. +, RNA/DNA pathogen-borne sample; −, uninfected controls. Black arrowhead, quality control band; red
arrowhead, positive band.
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and LwaCas13a in 30 min (Figure 5B). The visual and data
readout indicated that this system functioned well, although
some bias was found between LbCas12a and LwaCas13a.
All of the equipment required, from sampling to reactions
(Figure 5C) to visual readouts (Figure 5D), are shown in
Figure 5. Our data indicate that our portable detection sys-
tems could be rapidly and easily deployed in the field.

DISCUSSION

Cas12- and Cas13-based nucleic acid detection

Previous reports (Kellner et al., 2019; Xiong et al., 2020) and
the current data (Figures 2–4) consistently show that the
CRISPR/Cas12a system has some advantages over Cas13

systems in terms of sensitivity and reaction speed. However,
Cas13-based systems remain competitive for detection and
diagnosis. For instance, a recently developed amplification-
free RNA-sensitive detection method was successfully de-
veloped using Cas13a and Csm6 in tandem (Liu et al., 2021),
highlighting the advantages of Cas13 family members as
tools for nucleic acid diagnosis with a wide range of appli-
cations. The RNA-guided RNase Cas13d is approximately
20% smaller than Cas13a–Cas13c (Yan et al., 2018). Its
compact structure and small size are beneficial for both in
vivo and in vitro applications. For instance, CRISPR/Cas13d
systems were successfully employed for a high-throughput
study of functional circRNAs (Zhang et al., 2021), RNA
virus interference (Mahas et al., 2019), and mRNA knock-
down (Kushawah et al., 2020).

Figure 4 Detection of the RNA virus RBSDV in diverse hosts. A, Lateral-flow readout detection of RBSDV using LbCas12a. B–E, Fluorescent readout
detection of the virus carried by SBPH (B) and infected rice (C), wheat (D), and maize (E) using the Cas12 and Cas13 systems. +, RNA/DNA pathogen-borne
sample; −, uninfected controls. Black arrowhead, quality control band; red arrowhead, positive band.
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In this study, we reprogrammed the collateral cleavage
activity of RfxCas13d for nucleic acid detection. The trans-
cleavage preference profile of RfxCas13d was similar to that
of LwaCas13a. Using RfxCas13d, we achieved attomolar
detection sensitivity for both DNA and RNA targets. How-
ever, a slightly slower reaction speed was obtained using low
target inputs compared with Cas13a. To help overcome this
drawback, perhaps transcription loop-mediated isothermal
amplification (RT-LAMP) (Ali et al., 2020) could be used to
optimize the reaction speed.
These detection systems could also have applications be-

yond crop pathogen identification. For example, the col-
lateral activity of CRISPR/Cas12 and CRISPR/Cas13
systems has been leveraged for high-fidelity SNP genotyping
(Teng et al., 2019) and clinical disease diagnosis, especially
for detecting SARS-CoV-2 (severe acute respiratory syn-
drome coronavirus 2) (Jiao et al., 2021; Liu et al., 2021;
Xiong et al., 2020).

Sensitive field-deployable nucleic acid detection

We determined that CRISPR/Cas-based nucleic acid detec-
tion could detect 10 nmol L−1 targets without pre-amplifi-
cation of RPAs, while the detection sensitivity reached
attomolar levels when coupled with pre-amplification (Fig-
ure 2B and C). For practical applications, we recommend
screening for primer combinations with high amplification
rates and specificity prior to detection. RPA or RT-RPA
treatment can substantially improve the detection sensitiv-
ities of all CRISPR/Cas-based nucleic acid detection sys-

tems. However, thermostatic amplification of RPA alone
cannot achieve high sensitivity detection (Gootenberg et al.,
2017). The collateral cleavage triggered by the crRNA/Cas
effector upon target recognition is another important com-
ponent of this technology. Therefore, CRISPR/Cas and RPA
represent two core components for detection systems.
Here, to meet the requirements of portable detection in the

field, we used a portable solar generator and a small dry bath
incubator, which allowed us to generate crude extracts and
perform RPA and nuclease trigger reactions in the field
(Figure 5C). The fluorescent readout generated by multiplex
detection in the same tube (Figure 5B) was based on the use
of diverse reporters of LbCas12a/LwaCas13a, generating
signals of different colors under different excitation wave-
lengths provided by a handheld light with filter glasses
(Figure 5D). For lateral-flow readouts (Figures 3D and 4A),
biotin-labeled ssDNA was used for the detection reaction,
enabling device-free observation. Our results demonstrate
the great potential of our system for the diagnosis, detection,
and monitoring of crop pathogens in the field.

MATERIALS AND METHODS

Protein expression and purification

The AsCas12a, LbCas12a, LwaCas13a, and RfxCas13d
genes were cloned into the linearized pET-30a(+) expression
vector. Cas proteins were purified as previously described
(Rees et al., 2017) with slight modifications. Protein pur-
ification steps were conducted sequentially using Ni-NTA

Figure 5 Minimal time and instrument requirements for field-deployable multiplex monitoring through nucleic acid detection with Cas12 and Cas13. A,
Time required for the procedures from sampling to readout. B, Multiplex detection readout of fluorescence of RBSDV via LbCas12a and LwaCas13a
performed in 30 min. C, Minimal portable instruments required in the field. A portable solar generator (Bei-Shi-TeTM, Shenzhen, China) and dry bath
incubator (OSE-DB-01, Tiangen Biotech (Beijing) Co., Ltd., China) were used to prepare crude extracts and perform the RPA and collateral nuclease
reactions. Eppendorf tubes were used for crude extract preparation (1.5-mL tube) and reactions (250-μL tube). A small grinding rod was used to grind each
sample in a 1.5-mL Eppendorf tube. D, A handheld LUYOR-3415RG instrument (LUYOR, USA) with a 488-nm excitation filter (yellow glasses) for the
FAM reporter and a 520-nm excitation filter (red glasses) used for visual observation of the HEX reporter.
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affinity, ion exchange, and size-exclusion columns at 4°C.
The purified Cas proteins were pooled, and the buffer was
exchanged for storage buffer.

Synthetic targets, reporters, crRNAs, and primers used
in this study

Synthetic DNA templates were generated by oligonucleotide
extension using a KAPA HiFi PCR Kit (Kapa Biosystems,
USA) and cleaned using PCR purification columns (QIA-
GEN, Germany). For RNA targets and crRNA, purified
double-stranded DNA template was incubated with T7
polymerase overnight at 37°C using a HiScribe T7 Quick
High Yield RNA Synthesis Kit (NEB, USA) and purified
with an RNA Clean and Concentrator Kit (QIAGEN). All
crRNA sequences used in this study are listed in Table S1 in
Supporting Information.
The ssDNA and ssRNA reporters were custom synthesized

by Synbio Technologies (Suzhou, China). The reporters used
in this study are listed in Table S2 in Supporting Information.
The detailed sequences of the synthetic DNA and RNA
targets used in this study are shown in Table S3 in Supporting
Information. Primers for PCR, RT-PCR, RPA, and RT-RPA
were designed using NCBI Primer-BLAST, with the T7
promoter sequence added to the forward or reverse primer
used for Cas13. The primers were custom synthesized
(Sangon Biotech, Beijing, China). Information about the
primers used in this study is provided in Table S4 in Sup-
porting Information.

Design of crRNAs for nucleic acid targeting

The targets for the TRI6 and Fg16 genes of FG (Bluhm et al.,
2002; Zhou et al., 2018), FUM5 and CaM genes of FV
(Bluhm et al., 2002; Mulè et al., 2004), and segments S5 and
S10 of RBSDV (Wang et al., 2003; Zhou et al., 2017) were
designed according to the protospacer adjacent motif (PAM)
of each Cas effector (Abudayyeh et al., 2016; Zetsche et al.,
2015). DNA oligos for in vitro transcription of crRNA guides
were custom synthesized (Sangon Biotech).

Preparation of crude DNA/RNA extracts for pathogen
detection and verification

Crude DNA extracts of FG and FV were obtained from
10–50 mg of three infected maize kernel tissues and one
uninfected control. The kernels were collected, placed in
1.5-mL Eppendorf tubes, homogenized with a handheld
tissue homogenizer in 100 μL Lysis Buffer for Microorgan-
isms (TaKaRa, Japan), and incubated at 37°C for 5 min. The
crude extracts were directly subjected to RPA and PCR.
Crude RNA preparations were generated from three
RBSDV-infected SBPH and rice, wheat, and maize leaves

and one uninfected control at 14 d post infection. Briefly,
10–50 mg of leaf tissue was collected, placed into a 1.5-mL
tube, homogenized with a handheld tissue homogenizer in
100 μL RT-qPCR Sample Preparation Reagent (Bio-Rad,
USA), and incubated at 37°C for 5 min. To prepare crude
extracts from SBPH, the insect was placed into a 250-μL
PCR tube, ground in 20 μL RT-qPCR Sample Preparation
Reagent (Bio-Rad), and incubated at 37°C for 5 min.
PCR verification of FG and FVand RT-PCR verification of

RBSDV were performed in the laboratory using crude DNA
or RNA extracts as substrates. Routine PCR was conducted
for FG and FV, while RT-PCR was performed with a Hi-
Script One Step RT-PCR Kit (Vazyme, Nanjing, China) to
verify the presence of RBSDV.

RPA, RT-RPA, and nuclease trigger reactions in the field

A small dry bath incubator (OSE-DB-01, Tiangen Biotech)
with a portable solar generator (Bei-Shi-TeTM) was used for
the crude extract reaction, RPA, and nuclease trigger reac-
tions in the field.
For RPA reactions, a TwistAmp Basic RT-RPA Kit

(TwistDX, UK) was used according to the manufacturer’s
instructions; the sample was incubated at 37°C for 10 min.
For RT-RPA reactions, 0.5 μL Reverse Transcriptase (NEB)
was added to the RPA basic reaction, and the samples were
incubated at 37°C for either 10 min (single target detection)
or 30 min (sensitivity detection). For multiplex RPA or RT-
RPA reactions, the reaction was incubated at 37°C for
20 min.
In general, 1 μL original targets or RPA and RT-RPA-

amplified products was added to 19 μL prepared CRISPR/
Cas reaction mixture containing 1× working buffer,
100 nmol L−1 purified Cas proteins, 0.5 μL murine RNase
inhibitor (NEB), 1 μL transcribed crRNA (20 ng μL−1), and
2 μmol L−1 ssDNA (Synbio Technologies) or ssRNA re-
porter (Synbio Technologies). For Cas13a detection, the
above reaction also included 0.05 μL T7 RNA polymerase
(NEB) and 0.8 μL rNTP Mix (NEB). For multiplex detection
assays, the reaction mixture contained 1× working buffer,
100 nmol L−1 purified Cas13a proteins, 100 nmol L−1 pur-
ified Cas12a proteins, 0.5 μL murine RNase inhibitor (NEB),
1 μL transcribed crRNA1 (20 ng μL−1), 1 μL transcribed
crRNA2 (20 ng μL−1), 0.05 μL T7 RNA polymerase, 0.8 μL
rNTP Mix (NEB), 2 μmol L−1 ssDNA (Synbio Technolo-
gies), and 2 μmol L−1 ssRNA reporter (Synbio Technolo-
gies).

Fluorescence and lateral-flow readout assay in tubes and
scoring fluorescence intensity data

For visual observation, CRISPR/Cas reactions were in-
cubated at 37°C for 10–30 min and detected using a
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LUYOR-3415RG instrument (LUYOR, USA) with a 488-
nm excitation filter (for the FAM-quencher reporter) or 520-
nm excitation filter (for the HEX-quencher reporter). Mul-
tiplex observation was achieved by shifting the 488-nm ex-
citation filter used for the FAM-quencher reporter to a 520-
nm excitation filter used for the HEX-quencher reporter in
the same reaction tubes. Lateral-flow detection was per-
formed with commercial strips (TwistDX). Fluorophore
quencher-labeled reporters were replaced by 1 μmol L−1

FAM biotin-labeled ssDNA (Synbio Technologies). After a
10-min incubation, 80 μL HybriDetect Buffer was added to
the reaction, and the samples were run on the HybriDetect
lateral-flow strips.
Fluorescence intensity data were scored in a real-time PCR

detection system (Bio-Rad) at 37°C in the FAM and/or HEX
channels.
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