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Abstract: Phytophthora nicotianae is a global and polyphagous pathogen with a wide host range.
P. nicotianae can infect Areca catechu, Durio zibethinus L., Psidium guajava L., Hevea brasiliensis, and
other tree species. The pathogen is capable of inducing butt rot and affecting aerial parts, including
stems, leaves, and fruits. Compared to other Phytophthora species, P. nicotianae is more adaptable
to abiotic stress. In this study, recombinase polymerase amplification (RPA) in combination with
the CRISPR/Cas12a system was used for the detection of P. nicotianae, and achieved rapid and
efficient detection of P. nicotianae. The assay was highly specific to P. nicotianae. All 4 tested isolates of
P. nicotianae yielded positive results, whereas 30 isolates belonging to 17 other Phytophthora species,
8 fungal species, and 4 Bursaphelenchus xylophilus vermicules lacked detection. Under the conditions
of 37 °C, after 20 min of RPA reaction and 25 min of Cas12a cleavage, a DNA concentration as low as
10 pg-uL~! could be detected. In addition, it detected P. nicotianae from artificially inoculated leaves
of Fatsia japonica. In this study, a novel method was established for the efficient and accurate detection
of P. nicotianae based on the combination of RPA and the CRISPR/Cas12a system.

Keywords: Phytophthora nicotianae; recombinase polymerase amplification; CRISPR/Cas12a; rapid
detection

1. Introduction

Phytophthora is a genus of plant pathogens that have the potential to cause signifi-
cant damage to both agricultural and natural ecosystems [1]. Since the 2000s, more than
240 species of phytophthora have been described [2]. The expansion of the genus is likely
to continue. Certain Phytophthora species hold greater significance than others in terms
of their distribution, host range, and impact on forestry productivity. P. nicotianae causes
severe damage to a particularly large number of host plants and is widespread, having been
isolated from multiple ecological niches on five continents [3]. P. nicotianae, generally consid-
ered a polyphagous pathogen, possesses a wide host range of herbaceous and woody plants,
and causes crown rots, and may attack aerial parts, including stems, leaves, and fruits [4].
Phytophthora nicotianae-induced wilt disease was recently discovered on three-year-old
potted cycads in Sicily, Italy [5]. In China, P. nicotianae can cause leaf rot disease of Fatsia
japonica [6]. In India and Southern Asia, P. nicotianae is one of the main pathogens among
Phytophthora spp., and its hosts include, besides citrus and Nicotiana tabacum, Areca catechu,
black pepper, Solanum melongena L., Cocos nucifera L., Durio zibethinus L., Psidium guajava L.,
orchids, Catharanthus roseus, Ananas comosus, Rosa rugosa, Hevea brasiliensis, and fragrant
herbs [7]. World agriculture and forestry have undergone major changes as a conjunction
of several factors, including globalization and the intensification of international trade,
new farming practices, and climate change [8]. Such changes have immediate impacts on
plant diseases, with the spreading of pathogens and the modification of their niches. In
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Cuba, it has been reported that P. nicotianae, which is responsible for leaf rot in avocado,
has emerged. Moreover, P. nicotianae is considered the sole pathogen affecting this crop [9].
In South Africa, it is gradually replacing P. cinnamomi in eucalyptus plantations, posing a
significant threat to the health of these valuable trees [10]. By detecting diseases early, we
can effectively prevent and control their spread, ultimately reducing potential losses. Given
the wide occurrence of P. nicotianae and its extensive range of hosts, we aim to establish a
rapid and efficient detection technique to assist in the early diagnosis of P. nicotianae and
development of disease control strategies.

Currently, traditional morphological identification methods are time-consuming, have
low sensitivity, require highly skilled technicians, and often produce inaccurate results [11].
Several molecular detection techniques are available for the identification of P. nicotianae,
including duplex PCR [12], multiplex PCR [13,14], and real-time PCR [15,16]. However,
these techniques have limitations such as a long reaction time and the need for special-
ized equipment, which restrict their use in field disease diagnosis [17]. To address this
issue, researchers have developed and implemented isothermal amplification-based molec-
ular detection techniques, such as loop-mediated nucleic acid isothermal amplification
(LAMP) [18], helicase-dependent amplification (HDA) [19], strand displacement ampli-
fication (SDA) [20], rolling circle amplification (RCA) [21], and recombinase polymerase
amplification (RPA) [22]. These techniques offer the advantages of rapidity, high specificity,
and sensitivity as they can amplify nucleic acids under constant temperature conditions.
They have a wide range of applications in nucleic acid testing, gene cloning, sequencing,
and more.

RPA, a novel technology developed by Piepenburg et al. (2006) [23], offers a promising
approach for the rapid amplification of target nucleic acid from minimally processed
samples. With its compact and portable instrumentation, simplicity of operation, rapid
amplification speed, and isothermal reaction conditions at 37~42 °C, RPA shows potential
as a viable alternative to PCR [24]. Over the past decade, RPA has gained significant
traction in diverse detection applications, encompassing bacteria, fungi, parasites, viruses,
and drug resistance genes.

The CRISPR-Cas system functions as an adaptive immune system in microorganisms,
enabling defense against foreign genetic materials. This system operates by utilizing RNA
to direct Cas proteinase to target and cleave specific nucleic acid sequences [25]. Since the
initial application of restriction endonucleases for the generation of precise DNA fragments
in 1971, researchers have employed prokaryotic molecules for gene editing purposes [26].

The initial success has inspired people to continuously explore new targeting and
manipulating nucleic acid systems, including Cas9, Cas12, Cas13 homologous genes,
etc. Cas12a orthologs, namely As Cas12a from Acidaminococcus spp. and LbCas12a from
Lachnospiraceae spp., were the first to demonstrate activity within mammalian cells, and
they specifically recognize the PAM sequence 5'-TTTV positioned upstream of the target
sequence [27]. In addition, Cas proteins, including Cas12, Cas13, and Cas14, are capable of
recognizing and cleaving target DNA, RNA, or both, and then activate Cas proteins to cleave
non-target single-stranded DNA (ssDNA) in trans, without distinction. Cas13 can target
RNA, and Cas14 can target single-stranded DNA (ssDNA), but neither can target double-
stranded DNA (dsDNA), and Cas12 can directly target dsSDNA [28-32]. Specifically, Cas12a
and CRISPR RNA (crRNA) form a ribonucleoprotein (RNP) that recognizes protospacer
adjacent motif (PAM) sites with the “TTTN” motif and binds to dSDNA complementary to
crRNA to form a ternary complex. This specific recognition then activates its trans-cleavage
ability [33,34]. Under the action of the activated complex, it can non-specifically cleave the
labeled single-stranded DNA reporter probe with a fluorophore-quencher pair. One end of
the ssDNA probe is labeled with a reporter fluorophore, and the other end is labeled with a
quencher. Once the probe is cleaved by the Cas protein, the quencher is removed, allowing
the reporter fluorophore to emit light and achieve visual detection [35,36].

In this study, we have established a highly efficient detection system for tobacco
blight based on RPA and CRISPR/Cas12a (Figure 1). The results can be obtained quickly
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and accurately within 45 min. In general, this method has significantly improved the
detection speed and convenience compared with the traditional PCR method. It is of great
significance for the effective management of plant diseases.
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Figure 1. Flow chart of the RPA-CRISPR/Cas12a assay. (A) Host plants infected with P. nicotianae.
(B) Extracting DNA from infected tissues. (C) Amplifying specific primers using RPA technology.
(D) CRISPR/Cas12a-based editing. The Cas12a protein can bind to each amplicon and target specific
crRNA, activating its cis-cleavage activity. (E) When the single-stranded DNA reporter gene labeled
with FAM is cleaved, green fluorescence is visible at an excitation wavelength of 470 nm. (F) P
represents a positive result: visible green fluorescence. N represents a negative result: no visible
green fluorescence.

2. Materials and Methods
2.1. Maintenance of Isolates and DNA Extraction

The 5 unique P. nicotianae strains, along with the 12 fungi, 33 oomycetes, and 4 nematode
isolates from diverse sources detected in this study are detailed in Table 1. These strains
were all preserved in the collection of the Department of Plant Pathology at Nanjing Forestry
University. Their identities were confirmed through both morphological examination and
molecular biology techniques. Under dark conditions at 25 °C, the fungal strains were
grown on Potato Dextrose Agar medium (PDA: potato 200 g, dextrose 20 g, agar 20 g, water
volume to 1000 mL, and sterilizing at 121 °C for 15 min) for 3-5 days. The oomycete strains
were cultured on V8 Juice Agar under dark conditions ranging from 18 to 25 °C (the V8
juice was added with CaCOj at 1% ratio, and after mixing evenly, the supernatant was
obtained by filtering with four layers of gauze. The supernatant was diluted to 10% and
then divided into conical bottles, adding 3 g Agar every 200 mL and sterilizing at 121 °C
for 15 min.) To propagate, Bursaphelenchus xylophilus were cultivated on the mycelium
of Botrytis cinerea for 4-5 days at 25 °C, and allowed to breed [37]. The genomic DNA
(gDNA) was extracted using the DNA Secure Plant Kit, which was obtained from Beijing
Tian Gen Biotech Co., Ltd. (Beijing, China). The extracted DNA was then quantified using
a Nano Drop 1000C spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and
appropriately diluted. All DNA samples were stored at —20 °C until further use.

Table 1. Results for all species used in the specificity test of the RPA-CRISPR/Cas12a assay.

Number (Sub) Clade Species Location Host/Substrate Isolate CRIS‘PR/CaSIZa
Deteciton Results
1 Oomycete Phytophthora nicotianae Fujian, China Nicotiana tabacum Pnl +
2 Phytophthora nicotianae Jiangsu, China Lycopersicum sp. Pn2 +
3 Phytophthora nicotianae Jiangsu, China Sophora sinensis Pn3 +
4 Phytophthora nicotianae Jiangsu, China Citrus sp. Pn4 +
5 Phytophthora nicotianae Yunnan, China Nicotiana tabacum Pnil +
6 Phytophthora melonis Jiangsu, China Cucumis sativus PMNJHG1 -
7 Phytophthora melonis Jiangsu, China Cucumis sativus PMNJHG2 -




Forests 2024, 15, 952 40f 14
Table 1. Cont.
Number (Sub) Clade Species Location Host/Substrate Isolate CRISPR/Calea
Deteciton Results
8 Phytophthora melonis Jiangsu, China Cucumis sativus PMNJHG3 -
9 Phytophthora melonis Jiangsu, China Benincasa hispida PMNJDG1 —
10 Phytophthora citrophthora Jiangsu, China Citrus reticulata Pcit —
Blanco
. . Solanum
11 Phytophthora cryptogea Jiangsu, China Iycopersicum Pcrl -
12 Phytophthora cinnamomi Puerto Rico Persea americana 23B2 -
13 Phytophthora cinnamomi USA Pieris sp. 7574 -
14 Phytophthora cinnamomi Taiwan Castanopsis sp. 7560 —
15 Phytophthora cinnamomi Shanxi, China Cupressus funebris CHAP1 -
16 Phytophthora cinnamomi Jiangsu, China Rhododendron CI -
pulchrum
17 Phytophthora cambivora Shanghai, China Malusijl?;estzca Pcl -
18 Phytophthora cambivora USA Castanea sativa CBS 248.60 -
19 Phytophthora capsici Jiangsu, China Capsicum annuum Pcapl -
.. . . Rhododendron .
20 Phytophthora pini Jiangsu, China pulchrum Ppini —
21 Phytophthora sojae USA Glycine max P6497 -
22 Phytophthora ilicis The Netherlands Ilex aquifolium CBS114348 -
23 Phytophthora palmivora Yunnan, China Iridaceae Ppal -
24 Phytophthora megasperma USA Matthiola incana CBS305.36 -
25 Phytophthora megasperma Mississippi, USA Irrigation water 57]3 -
26 Phytophthora brassicae Canda Brassica sp. CBS178.87 —
27 Phytophthora hibernalis Shanghai, China Malugodfﬁestzca 947 -
28 Phytophthora hibernalis USA Unknown CBS 132.23 -
29 Phytophthora ramorum United Kingdom Quercus palustris EU1 2275 -
30 Phytophthora syringae Shanghai, China Malu]sa(t)iflzi;lestzca 9099 -
31 Phytopythium litorale Jiangsu, China Rhoi?ii?fmn PC-dj1 -
32 Phytopythium litorale Jiangsu, China Rhoi?iesizlfiron PC-dj2 -
33 Phytopythium helicoides Jiangsu, China Rhoi?jzeslefiron PH-C —
34 Phytopythium helicoides Jiangsu, China Rhoi?ii’;fmn PF-he2 -
35 Phytopythium helicoides Jiangsu, China Rhoas!?iesrgimn PF-he3 -
36 Pythium aphanidermatum Jiangsu, China Nicotiana tabacum NT-apl -
37 Pythium spinosum Jiangsu, China Oryza sativa OS-spl -
38 Pythium ultimum Jiangsu, China Glycine max GM-ull -
39 Fungi Fusarium acuminatum Sichuan, China Rhlpr hora Facl -
apiculata
40 Fusarium asiaticum Jiangsu, China Triticum aestivum Fasl -
41 Fusarium avenaceum Jiangsu, China Glycine max Favl -
42 Fusarium circinatum Shanghai, China Pinus sp. A045-1 -
43 Fusarium circinatum Shanghai, China Pinus sp. A045-2 -
44 Fusarium oxysporium Jiangsu, China Gossypium sp. Fox1 -
45 Fusarium oxysporium Jiangsu, China Pinus sp. Fox2 -
46 Fusarium proliferatum Jiangsu, China Pinus sp. Fprl -
47 Fusarium proliferatum Jiangsu, China Oryza sativa Fpr2 -
48 Fusarium solani Jiangsu, China Gossypium sp. Fsol -
49 Fusarium solani Jiangsu, China Glycine max Fso2 -
50 Botryosphaeria dothidea Jiangsu, China Koelijeuterm Bcil -
paniculata
51 Nematode Bursaphelenchus xylophilus Jiangsu, China Pinus thunbergii Js-1 -
52 Bursaphelenchus xylophilus Anhui, China Pinus thunbergii AH15 -
53 Bursaphelenchus xylophilus Liaoning, China Pinus thunbergii LN11 -
54 Bursaphelenchus xylophilus Guangxi, China Pinus thunbergii GX04 -

The test result was positive/negative when using RPA-CRISPR/Cas12a technology.

“,

+” indicates that it was

tested with RPA-CRISPR/Cas12a technology and its result was positive. “—" indicates that it was tested with
RPA-CRISPR/Cas12a technology and its result was negative.
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2.2. Design of RPA Primers, crRNA, and ssDNA Reporter

To select the candidate target genes for the P. nicotianae-specific RPA—CRISPR reac-
tion, the annotated genomic sequence of P. nicotianae at NCBI BLAST: Nucleotide Sequence
(nih.gov) (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi) (accessed on 9 May 2024) was retrieved.
To identify the target genes unique to P. nicotianae, we initially retrieved all the publicly
available genome sequences of the Phytophthoa species. Then, all the 26,131 gene se-
quences of P. nicotianae were used as the queries to search against the above genomes
(e-value cutoff: 1 x 107°), and the genes without any hit were treated as unique to P. nico-
tianae [38]. The INRA-310 gene was selected as the target for the design of gene-specific
RPA primers. We used Primer Premier 6.0 (Premier Biosoft, Palm Alto, CA, USA) software
to design RPA primers according to the DNA amplification kit manual. We designed RPA
primers targeting the INRA-310 gene (INRA-310 F1: TCTCCAGATGCTTCGTCCGACGGT-
GAGGATG 277-307 nt; INRA-310 R1: GATCGTACCAACAGTCAAGGAAGACAGGATG
492-522 nt). With a click of a button, the crRNA is designed to target the RPA ampli-
fication product of the INRA-310 gene sequence, which lies adjacent to the protospacer
adjacent motif (PAM) site of the TTTN spacer region. Precisely aligned with the PAM
sequence’s position, we crafted a crRNA that is complementary to the target sequence
(crRNA: UAAUUUCUACUAAGUGUAGAUGAGCCCGAGAGUUGUCGAUC) (Figure 2).
The single-stranded DNA (ssDNA) reporter program utilized in this study features a
6-FAM label at its 5’ terminus, ensuring robust detection, and is terminated at its 3" end
by the BHQ-1 quencher to prevent unwanted fluorescence. Once the crRNA identifies the
target sequence and activates the Cas12a protein, any ssDNA can be cleaved, leading to
the activation of the ssDNA reporter gene and the production of a detectable fluorescence.
Both the RNA and ssDNA reporter genes were synthesized by GenScript in Nanjing, China
and stored at —20 °C ready for further application. The RNA and ssDNA reporter genes,
synthesized by GenScript in Nanjing, China, were stored at —20 °C ready for further use.

INRA-310 ATGCTTGACC TGGGTGGGAC CTCGTCCCGT TCAGTGGAAC ATAACGTAGG TGATTCCGAC CTGTTCGGCTHRELS)
INRA-310
INRA-310
INRA-310

290 300 310 320 330 340 350

i s sl wernllaann] suselime] sawrilEsse)] saadlseeal wme)ssenl sson]uemal]

INRA-310 GTCTTTCCGA GATCGACAAC TCTCGGGCTC AAAACTATGGHEEL
INRA-310 GGCCGCCGCT TCGGCTAGAC CCAGTAGTAC CTCTCAGCGA CTGATTCCGG CTACTACCAC TATTCCACGGEEF
INRA-310 veealoveal covalonaal eonwaloweal eoealoceal eoeeloceal woeeloceal waeeleaaal
= = TTGCAGTGGA TTCCTGGCTA CGAACGGGTT CGACGTTTCC GGGCTGGGGA TGTTATCCCA TGGGATGCCCEEEN
INRA-310
INRA-310

Figure 2. Sequence analysis of INRA-310 from Phytophthora nicotianae. Nucleotides targeted by the
forward (INRA-310-F1) and reverse (INRA-310-R1) primers; the crRNA sequences are shown below
the respective arrows. The arrows indicate the direction of amplification.

2.3. The RPA-CRISPR/Cas12a Assay

The process of employing the RPA-CRISPR/Cas12a method to detect P. nicotianae is
diagrammatically represented in Figure 1. This streamlined approach requires a total of
20 min and comprises two distinct steps. In the initial phase, the INRA-310 gene is rapidly
amplified in just 15 min using a specific primer pair, INRA-310RPA-F and INRA-310RPA-R,
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in conjunction with RPA. Subsequently, in the second phase, the CRISPR/Cas12a system is
utilized to detect and visualize the presence of the target gene within a mere 5 min.

The RPA reaction was carefully executed in a 50 pL reaction system according to the
detailed instructions provided in the kit’s quick guide (Lesunbio, Wuxi, China). Prior to
commencing the reaction, each individual mixture was meticulously prepared to include
2 uL of both forward and reverse primers (INRA-310RPA-F/INRA-310RPA-R, 10uM), 25 pL
of rehydration buffer provided in the kit, 2 pL of gDNA (100 ng-uL~1), and precisely 16 uL
of double distilled water, for a total volume of 47 puL. The reagents were carefully added
to the system and briefly centrifuged at 4000 rpm for 5 s to ensure uniform distribution.
Subsequently, 3 uL of the promoter was added to the reaction tube cap, which was then
securely screwed in place. The mixture was once again centrifuged at 4000 rpm for another
5 s to ensure that the promoter effectively mixed with the premix. After incubating the
samples at 37 °C for 5 min, they were gently vortexed 2-3 times, centrifuged at 4000 rpm
for another 5 s, and then further incubated at 37 °C for an additional 15 min. To ensure the
reliability of the results, each reaction included a no-template control (NTC) and a positive
control (PTC). The RPA products of the RPA-CRISPR/Cas12a system were subsequently
analyzed by electrophoresis using a 1.5% agarose gel to assess their purity and quantity.

The CRISPR/Cas12a system was conducted in a 50 uL reaction containing various
components. These included 38 uL double distilled water, 5 uL 10-fold reaction buffer, 3 pL
crRNA (1 uM concentration), 1 pL Cas12a (2 uM concentration) (Magigen, Guangzhou,
China), 1 pL single-stranded DNA reporter (10 uM concentration), and 2 uL. RPA amplifica-
tion product. Once the reaction mixture was assembled, it was incubated at 37 °C for 5 min
and then observed for fluorescence at a wavelength of 470 nm using a blue LED trans-
mittance instrument (Baisai Ltd., Shanghai, China) or detected using a multi-functional
microplate reader (excitation wavelength: 485 nm; emission wavelength: 520 nm). The
CRISPR/Cas12a experiments were repeated three times, yielding three results, and stan-
dard errors were calculated using STDEVP (numbers 1, 2, and 3). Statistical analysis was
performed using GraphPad Prism 8 software (GraphPad Software Inc., San Diego, CA,
USA). Differences between the experimental group and the control group were analyzed
using the t-test to calculate the p value. p < 0.0001 was considered statistically significant.

2.4. Optimized of RPA-CRISPR/CAS12a for Detection of P. nicotianae

The optimal reaction time of RPA-CRISPR/Cas12a detection of P. nicotianae is divided
into two parts: exploring the optimal reaction time of the RPA and CRISPR/Cas12a system.
Among them, in the RPA reaction system (as described above) with the mixture added,
different reaction times (5 min, 10 min, 15 min, 20 min, 25 min, 30 min, and 35 min) were
set at 37 °C under constant temperature conditions. The RPA amplification products were
used for CRISPR/Cas12a reactions (consistent with the above reaction system, the reaction
time was uniformly set to 30 min) to explore the optimal reaction time of RPA. To eliminate
false positives, ddH,O was used instead of gDNA in the RPA system as a negative control
(NTC).

Using the RPA amplification products as templates, CRISPR/Cas12a reactions were
performed with different concentrations of crRNA (40 nM, 80 nM, 300 nM, 0.5 uM, 0.6 uM,
1 uM, 2 uM, 5 uM, and 10 uM) and single-stranded DNA reporter molecules (40 uM,
500 uM, 1.4 uM, 2 pM, 5 uM, and 10 uM) to determine the optimal detection conditions
(Table S1).

2.5. Conventional PCR Assay

A conventional PCR reaction was conducted in a 50 pL reaction mixture containing
25 uL of Prime STAR Max PreMix 2x (Takara Bio, Dalian, China), 21 uL. of dd H,O, 2 uL.
of 100 ng-uL.~! of purified gDNA, and 1 uL of each forward and reverse primer (10 uM).
The thermal cycling program began with an initial denaturation step at 94 °C for 3 min.
This was followed by 30 s at 94 °C for denaturation, 30 s at 60 °C for annealing, and
45 s at 72 °C for extension, repeated for a total of 33 cycles. The final extension step was
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performed at 72 °C for 10 min. Amplification was carried out using the Applied Biosystems
Veriti Dx 96-Well Thermal Cycler (Thermo Fisher Scientific). Each reaction group included
both a positive template control (PTC) and a negative template control (NTC) to ensure
accurate results. After amplification, the products were electrophoresed on a 1.5% agarose
gel at a voltage of 150 V for approximately 15 min. The gel was then visualized under a
UV transilluminator. To ensure reproducibility, the PCR reaction detection was repeated
three times.

2.6. Specificity and Sensitivity of RPA-CRISPR/Cas12a Detection Method

A comparative analysis was conducted to assess the specificity and sensitivity of the
RPA-CRISPR/Cas12a method for detecting tobacco blight. In this study, pure isolates of
gDNA (100 ng-uL~!) were used as templates for both the RPA-CRISPR/Cas12a method and
conventional PCR. The strains listed in Table 1 were employed for detection, with positive
controls (P. nicotianae isolate, 100 nguL’l) and NTCs included in each reaction. This
experiment was repeated three times to ensure reproducibility. To evaluate the sensitivity of
the method, a series of nine different gDNA dilutions (100 ng-uL~!, 10 ng-uL~1, 1 ng-uL~1,
100 pg-uL—1, 10 pg-uL~1, 1 pg-ul !, and 100 fg-uL ') were utilized as templates for both
conventional PCR and RPA-CRISPR/Cas12a detection. An NTC was included in each
reaction, and each template concentration was tested three times for both methods.

2.7. RPA-CRISPR/Cas12a Method for Detection of P. nicotianae in Artificially Inoculated
Fatsia japonica

The detection of Fatsia japonica (Nanjing, China) leaves was carried out using the
RPA-CRISPR /Casl12a method. Under dark conditions at 25 °C, P. nicotianae was cultured
on V8 agar medium for 3 days. Mycelium blocks were obtained from the edge of the fresh
P. nicotianae colony by using a hole punch (diameter 6 mm), and the mycelium was quickly
inoculated to the wound site of the treated isolated leaves (stab treatment of the leaves), and
allowed to infect and moisturize the leaves. After 3 days of inoculation and culture, obvious
disease spots could be seen. After 3 days of inoculation cultivation, DNA was extracted
from the leaf sections of both the infected and healthy plants. The RPA-CRISPR/Cas12a
detection was carried out according to Figure 1. Pure P. nicotianae gDNA (100 ng-pL~1)
and sterile water were used as positive and negative controls, respectively. Positive results
showed fluorescence, while negative results did not. The fluorescence was observed at
a wavelength of 470 nm using a blue LED transmittance instrument or a multifunctional
microplate reader. Each detection method was repeated three times. The CRISPR/Cas12a
experiments were repeated three times to obtain three results, and standard errors were
calculated using STDEVP. Statistical analysis was performed using IBM SPSS Statistics
23 software. The difference analysis between the experimental group and the control group
was carried out using t-tests, and p values were calculated. p < 0.0001 was considered
statistically significant in this study (Table S2).

3. Results and Analysis
3.1. Specific Primers for Detecting P. nicotianae

Using primers INRA-310 F1 and INRA-310 R1, a PCR amplification product of around
219 bp was obtained in the conventional PCR reaction (Figure 3). P. hibernalis, P. litorale,
P. cinnamomi, P. cryptogea, P. citrophthora, P. capsici, P. palmivora, P. sojae, P. megasperma, P. pini,
P. mississippiae, P. ramorum, P. cambivora, P. syringae, Pythium ultimum, Pythium spinosum,
Phytopythium helicoides, Pythium aphanidermatum, Botryosphaeria dothidea, Bursaphelenchus xy-
lophilus, Fusarium avenaceum, F. oxysporum, F. asiaticum, F. solaini, F. circinatum, F. proliferatum,
and NTC were not detected (Table 1).
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Figure 3. The results of conventional PCR screening for specific target genes. According to the
primers designed based on the INRA-310 gene, specific screening was carried out using conventional
PCR methods, and detection was performed using 1.5% agarose gel electrophoresis. Only a PCR
amplification product of approximately 219 bp was detected in P. nicotianae samples. NTC (negative
control, double distilled water). (A) Conventional PCR genus-specific detection results based on the
target INRA-310 for P. nicotianae. (B) Conventional PCR species-specific detection results based on the
target INRA-310 for P. nicotianae.

3.2. Optimizing the RPA-CRISPR/Cas12a Assay for the Detection of P. nicotianae

To optimize the concentrations of crRNA probes and ssDNA reporter genes in the
RPA-CRISPR/Cas12a assay, different concentrations were tested. The results showed that
when the concentrations of crRNA probes and ssDNA reporter genes were 2 uM and 10 pM
(Figure 4), respectively, stable results were achieved. To improve experimental efficiency
and reduce the required time, different RPA reaction times (5, 10, 15, 20, 25, 30, and 35 min)
and different Cas12a cleavage times (5, 10, 15, 20, 25, 30, and 35 min) were tested using
a fixed amount of P. nicotianae gDNA template (100 ng-uL~!) for detection. The results
showed that fluorescence could be clearly observed after 20 min (Figure 5A,C) of the RPA
reaction and after 25 min (Figure 5B,D) of Cas12a cleavage. After evaluating the results,
it was determined that the optimal reaction time was 20 min for the RPA reaction and
25 min for Cas12a cleavage. This method enables faster completion of the analysis without
compromising its effectiveness.
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Figure 4. Optimization of the reaction concentration of CrRNA and ssDNA reporter based on INRA-310
RPA-CRISPR/Cas12a. (A) Observation of green fluorescence at 470 nm using a blue LED transmittance
instrument; (B) detection of relative fluorescence intensity using a full-wavelength enzyme microplate
reader. 1: 40 nM CrRNA, 40 nM ssDNA reporter. 2: 80 nM CrRNA, 500 nM ssDNA reporter. 3: 300 nM
CrRNA, 1.4 nM ssDNA reporter. 4: 0.5 pM CrRNA, 2 uM ssDNA reporter. 5: 0.6 uM CrRNA, 5 pM
ssDNA reporter. 6: 1 uM CrRNA, 5 uM ssDNA reporter. 7: 2 pM CrRNA, 5 uM ssDNA reporter.
8: 5 uM CrRNA, 5 uM ssDNA reporter. 9: 1 uM CrRNA, 10 uM ssDNA reporter. 10: 2 pM CrRNA,
10 uM ssDNA reporter. 11: 5 uM CrRNA, 10 pM ssDNA reporter. 12: 10 uM CrRNA, 10 uM ssDNA
reporter. N: negative control (ddH;,O: no green fluorescence). The one-way ANOVA of the fluorescence
readings with those of the negative control showed that p < 0.0001 (different letters).
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Figure 5. Optimization of RPA and Casl2a reaction time based on INRA-310-RPA-CRISPR/Cas12a.
(A,C) Optimization of RPA reaction time based on INRA-310-RPA-CRISPR/Cas12a. (B,D) Optimiza-
tion of Cas12a reaction time based on INRA-310-RPA-CRISPR/Cas12a. (A,B) Observation of green
fluorescence at 470 nm using a blue LED transmittance instrument; reaction times were 5, 10, 15, 20,
25, 30, and 35 min. (C,D) Detection of relative fluorescence intensity using a full-wavelength enzyme
microplate reader; reaction times were 5, 10, 15, 20, 25, 30, and 35 min. NC, negative control (ddH,O:
no green fluorescence). The one-way ANOVA of the fluorescence readings with those of the negative
control showed that p < 0.0001 (different letters).

3.3. Specificity of RPA-CRISPR/Cas12a Assay in Rapid Detection of P. nicotianae

Researchers tested the specificity of their developed RPA-CRISPR/Cas12a method by
using DNA of 21 different Phytophthora species, 8 Fungi, and 1 Nematode species (Table 1).
The results showed that only when the gDNA of P. nicotianae was used as the RPA reaction
template, visible green fluorescence (Aex: 485 nm, Aem: 520 nm) could be detected using
blue LED transilluminators with a wavelength of 470 nm or Aex multifunctional microplate
readers. These findings indicate that the RPA-CRISPR/Cas12a detection has high specificity
for P. nicotianae (Figure 6).
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Figure 6. The specificity of Phytophthora nicotianae was rapidly detected with the RPA- CRISPR/Cas12a
assay. (A,C) Evaluation using genomic DNA isolated from P. nicotianae (green fluorescence), P. cam-
bivora (no green fluorescence), P. citrophthora (no green fluorescence), P. melonis (no green fluorescence),
P. cryptogea (no green fluorescence), P. cinnamomic (no green fluorescence), P. capsica (no green fluores-
cence), and negative control (NC; ddH;O: no green fluorescence). (B,D) Evaluation using genomic
DNA from P. nicotianae (green fluorescence), Py. Aphanidermatum (no green fluorescence), F. circinatum
(no green fluorescence), Ph. Littorale (no green fluorescence), Ph. Helicoides (no green fluorescence),
F. oxysporium (no green fluorescence), F. solani (no green fluorescence), and the negative control (NC;
ddH;O: no green fluorescence). The one-way ANOVA of the fluorescence readings with those of the
negative control showed that p < 0.0001 (different letters).
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3.4. Determining the Sensitivity of the RPA-CRISPR/Cas12a Assay

To evaluate the sensitivity of the RPA-CRISPR/Cas12a detection of P. nicotianae, we
used different concentrations of P. nicotianae gDNA or dd H20 as templates for the RPA
reaction. The concentrations used were 100 ng~pL’1, 10 ng~uL’1, 1ng- uL~1, 100 pg-pL’l,
10 pg-uL~!, 1 pg-pL~1, and 100 fg-uL 1. Subsequently, 2 uL of RPA product was added to
the RPA-CRISPR/Cas12a system for analysis. However, when using a blue LED transillu-
minator with a wavelength of 470 nm, the lowest detection concentration of gDNA was
10 pg-uL_1 (Figure 7).
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Figure 7. Analysis of the sensitivity of the RPA-CRISPR/Cas12a detection system. (A) Observation
of green fluorescence at 470 nm using a blue LED transmittance instrument; (B) detection of relative
fluorescence intensity using a full-wavelength enzyme microplate reader. 1-7: 100 ng-uL ™!,
10 ng-uLfl, 1 ng-uLfl, 100 pgvpol, 10 pg~uL*1, 1 pg-uLfl, 100 fg-uLfl. N: negative control
(ddH;O: no green fluorescence). The one-way ANOVA of the fluorescence readings with those of
the negative control showed that p < 0.0001 (different letters).

3.5. RPA-CRISPR/Cas12a Method for Detection of P. nicotianae in Artificially Inoculated
Fatsia japonica

The plants inoculated with P. nicotianae and healthy plants were subjected to DNA
extraction, and the extracted DNA was used as the template for RPA-CRISPR/Cas12a
detection. The positive control contained purified gDNA (100 ng-puL ') of P. nicotianae, and
the negative control contained ddH,O. The RPA-CRISPR/Cas12a detection was able to
detect the presence of P. nicotianae in the crude DNA samples of inoculated strains and
showed green fluorescence. This was observed under a blue LED transmittance instrument
at a wavelength of 470 nm and a multifunctional microplate reader with excitation and
emission wavelengths of 485 nm and 520 nm, respectively (Figure 8). Controls and NTC
samples did not show any fluorescence.
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Figure 8. Detection of artificially inoculated actual samples using the system based on INRA-310-RPA-
CRISPR/Cas12a. (A) Observation of green fluorescence at 470 nm using a blue LED transmittance
instrument; (B) detection of relative fluorescence intensity using a full-wavelength enzyme microplate
reader. P: positive control. 1, 2, 3: artificial inoculation of three strains of plant leaves with Fatsia
japonica. 4: leaves of Fatsia japonica plants without inoculation. N: negative control (ddH,O: no green
fluorescence). The one-way ANOVA of the fluorescence readings with those of the negative control
showed that p < 0.0001 (different letters).

4. Discussion

In this study, we present a method that can detect P. nicotianae in only 45 min, achieving
rapid and efficient results through dual recognition technology of RPA and CRISPR-Cas12,
and allows observation under UV light and fluorescent dyes. During the experimental
process, we made intriguing observations worth highlighting: the outcome is influenced
by various factors, with the concentration of crRNA and ssDNA playing a pivotal role in
determining its success [39]. Specifically, inadequate concentrations of crRNA and ssDNA
can lead to elusive results, while excessively high levels can inflate costs. To identify the
most effective concentration blend, we devised twelve distinct combinations and ultimately
concluded that a blend of 2 uM crRNA and 10 uM ssDNA maintains result visualization
integrity while minimizing reagent wastage.

In addition, under the same conditions, 8 species of fungi, 21 species of oomycetes, and
1 species of nematodes were tested (Table 1). The results showed that only P. nicotianae could
be observed under UV light. By testing the diseased parts on the artificially inoculated
plants of Fatsia japonica, we can obtain accurate results, which further confirms that this
technique can effectively detect P. nicotianae in field environments. This finding is of great
significance for the prevention and control of P. nicotianae, as it provides a rapid and
accurate detection method that can help to detect and contain the spread of P. nicotianae in
a timely manner.

Compared to traditional PCR-based detection methods for diseases, this study of-
fers a more efficient approach that does not require expensive instruments or highly
specialized technical skills. While numerous detection methods have been previously
explored, including the combination of loop-mediated isothermal amplification (LAMP)
with CRISPR/Cas12a to develop a novel diagnostic technique [40], two recently charac-
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terized CRISPR nucleases, Cas13 and Casl4, have also been developed for nucleic acid
testing [28,41]. However, these methods either require higher isothermal temperatures
or involve additional steps to generate target ssDNA substrates from dsDNA amplicons.
Additionally, crRNA is prone to degradation by ubiquitous RNases, which can lead to
false negatives in field testing [41,42]. Therefore, we believe that the combination of RPA
with CRISPR/Cas12a offers a more effective tool for detecting pathogens. Currently, some
scholars have used the LAMP method to detect P. nicotianae, but the total time from sample
collection to result is around 120 min [18]. In contrast, RPA-CRISPR/Cas12a greatly reduces
the detection time.

The present study successfully developed a detection method based on
RPA-CRISPR/Cas12a, which enables specific and rapid identification of P. nicotianae. It
is noteworthy that this detection method does not require high technical expertise from
operators, eliminates the need for expensive instruments and equipment, and maintains a
reaction temperature of 37 °C, well within the tolerable range for human handling. These
features contribute to enhanced convenience and safety throughout the entire detection
process. By employing this efficient and specific detection technology, early monitoring
and timely warning of P. nicotianae can be achieved. This approach not only facilitates
disease control measures in a timely manner to minimize economic losses but also aids in
formulating more scientifically sound strategies for disease prevention and control.

5. Conclusions

In this study, we have established a highly efficient detection method for P. nicotianae
based on RPA-CRISPR/Cas12a, which is of great significance for ensuring the healthy
development of various industries potentially threatened by P. nicotianae. In addition, the
successful establishment of this detection method also provides useful references for the
detection of other plant diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/£15060952/s1. Table S1: Screening for crRNA and ssDNA reporter
concentrations in the RPA-CRISPR /Cas12a assay system for Phytophthora nicotianae; Table S2: The
fluorescence values measured by RPA-CRISPR/Cas12a assay for detection of Phytophthora nicotianae.
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