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DETECTION OF GRAPEVINE FANLEAF VIRUS BY NEW GRNAS

Grapevine fanleaf virus (GFLV) is an important worldwide pathogen of grapes that leads to signifi-
cant economic losses due to reduced health and productivity of the vines. In this study, a highly sensi-
tive and specific molecular diagnostic system for GFLV was established. Synthetic control sequences
were developed to detect conserved regions of the viral RNA2 genome, enabling precise detection. The
performance of a CRISPR/Cas12a-based diagnostic platform integrated with Recombinase Polymerase
Amplification (RPA) was validated, demonstrating sensitive and rapid detection of GFLV even at low
viral loads. Although the Cas13a system was tested, its sensitivity was insufficient due to guide RNA in-
efficiencies and the complex structure of viral RNA, indicating the necessity for further optimization. The
combination of Cas12a with RPA was demonstrated to be a powerful diagnostic approach for the detec-
tion of plant viruses, with potential for field-integrated diagnostic applications. This research provides a
foundation for the development of diagnostic tools aimed at controlling GFLV and improving viticulture
management approaches, thereby promoting sustainable viticulture.

Keywords: grapevine fanleaf virus, CRISPR/Cas12a, recombinase polymerase amplification, mo-
lecular diagnostics, plant virus detection.
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XKana rPHK, apkbiAbl XKY3iMHiH, )XeAnyill-Kanbipak, BUPYCbIH aHbIKTay

Ky3iMHiH >keAnyiw->xanbipak, BUpycbl (GFLV) — >Xy3iMHIH AEHCAYAbIFbl MEH BHIMAIAITIH TOMEHAETYTe
6anAaHbICTbl €AeYAI DKOHOMMKAABIK, LIbIFbIHAAPFA BKEAETIH OYKiA DAEMAE MaHbI3Abl KO3AIPFbILL OOABIT
TabbiraAbl. ByA 3epTTeyae GFLV yiuiH XXoFapbl CE€3iMTaA XXoHe epeKLe MOAEKYAAAbIK, AMArHOCTMKAADIK,
>Kyre a3ipAaeHAi. BupycTbik, RNA2 reHOMbIHbBIH, CakTaAFaH aiMaK TapblH aHbIK T aAaTblH CUHTETUKAABIK,
GakblAay PETTIAIr >KacaAbil, HaKTbl aHbIKTay MYMKIHAIM Kkamrtamacbi3 etiaai. CRISPR/Cas12a
Heri3iHAeri AMarHOCTMKAABIK MAAT(OPMaHbIH PEKOMOMHA3AAbIK, TMOAMMEPA3Abl KYLLIENTY SAiCiMeH
(RPA) GipikTipiAreH 6HIMAIAIr TekcepiAin, BUpPYCTbiH a3 mMeaAwepiHae ae GFLV-Ai kbiaaam >kaHe
cesiMTaA aHblKTayFa MyMKiHAIK 6epeTiHi kepceTiaai. Cas13a Xyieci Ae 3epTTeAreHimMeH, 6arbiTTayLbl
PHK-HbIH THimci3airi meH BupycTbik, PHK-HbIH KypAEAi KYpbIAbIMbI CEOENTI XKETKIAIKTI Ce3IMTaAAbIK,
KepceTnereHi aHbIKTaAAbl, 6YA OHbIH 8pi Kapar OHTaMAAHABIPbIAYbIH KaXKeT eTeTiHiH kepceTTi. Cas12a
MeH RPA-HbI GipiKTipy 6CiMAIK BUPYCTapblH aHbIKTayFa apHaAFaH KyaTTbl AMQrHOCTUKAAbIK, SAIC peTiHAE
TaHbIABIM, OHbl AAAAAbIK, XKaF AalAapAa KOAAAHY MYMKIHAITT 6ap ekeHi aoaeaaeHAl. bya septtey GFLV-
Al BakplAayFa apHaAFaH AMArHOCTMKAABIK, KYPaAAAPAbI 93ipAeY XKeHe >KY3iM LapyallbiAblFbiH 6ackapy
TOCIAAEPIH >KaKCapTy YLiH Heri3 >kacarAbl, OCblAAMLLA TYpaKTbl XY3iM LUapyallbIAbIFbIH AAMbITYFa
bIKMAA €TeAl.

Ty#in ce3aep: XKy3iMHIH XeAnyiw->arnbipak, Bupycbl, CRISPR/Cas12a, pekoMbrHaza-noAMmepasAbl
aMNAUUKaLMS, MOAEKYAQABIK, AMArHOCTMKA, 6CIMAIK BUPYCbIH aHbIKTay.
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O6Hapy»eHue BUpyCca BeepHOi MO3auMK1 BUHOIPaAa
C ucnoAb3oBaHMem HoBbix TPHK

Bupyc Beepuatoctu aucTbeB BuHorpaaa (Grapevine fanleaf virus, GFLV) gaBAsieTCsl 3HaUMMbIM FAO-
6aAbHbIM MAaTOreHOM BMHOIPaAa, KOTOPbIA BbI3bIBAET CYLIECTBEHHbIE SKOHOMMYECKME MOoTepu M3-3a
CHUXKEHUS 3A0POBbS U MPOAYKTUBHOCTU AO3. B AaHHOM mccaepoBaHuM Gbiaa paspaboTaHa BbICOKO-
YYBCTBUTEAbHas 1 crieumnryuHas MOAEKYAIpHaa AMarHocTnyeckas cuctema aag GFLV. Bbian co3pa-
Hbl CUHTETMYECKMEe KOHTPOAbHblE MOCAEAOBATEABHOCTU, KOTOPbIE MO3BOASIOT TOYHO BbISIBASITbH KOH-
cepBaTuBHble yyacTkm B reHome RNA2 Bupyca. [Tpon3BOAUTEABHOCTb AMArHOCTUYECKOM NAATOPMBI
CRISPR/Cas12a 6biaa npoTecTMpoBaHa B COYETaHMM C METOAOM PEKOMOMHA3HOM MOAMMEPA3HON aM-
namdukaumm (RPA), 4uTo NpoAEMOHCTPUPOBAAO CMOCOBHOCTb MAAT(OPMbI K BbICTPOMY M UYBCTBUTEAb-
HoMy BbisBAeHuio GFLV aaxke npu HM3KOM BUMPYCHOM Harpy3ske. XoTs cuctema Casl3a Takxke Gbiaa
NpoOTECTMPOBaHa, €€ YYBCTBUTEABHOCTb OKa3aAaCb HEAOCTATOUHOM M3-3a Hea(hHEeKTMBHOCTHN Harnpas-
Astowmx PHK 1 cAoXKHOM CTpyKTypbl BUpYcHon PHK, uTo ykasbiBaeT Ha HEOOXOAMMOCTb AAAbHENLLEN
ontummsaumm. Covetarne Cas12a n RPA 6bIAO NMPU3HAHO MOLLHLIM AMArHOCTUYECKMM MOAXOAOM AAS
06HapY>KEHWs! PACTUTEAbHBIX BUPYCOB C MOTEHLMAAOM MHTErpaumm B MOAEBbIX YCAOBUSX. ITO UCCAE-
AOBaHME CO3AAET OCHOBY AASl Pa3paboTKM AMArHOCTMYECKMX MHCTPYMEHTOB, HampaBAEHHbIX Ha KOH-
TpoAb GFLV 1 yAyuleHue NoAXOAOB K YNPABAEHUIO BUHOrPaAApPCTBOM, CMOCOBCTBYS YCTOMUMBOMY

Pa3BUTUIO BUHOIpaAapCTBa.

KAtoueBble cAoBa: BUpPYC BeepyaTtocTy AMCTbeB BuHorpaaa, CRISPR/Cas12a, pekombuHasHas no-
AMMepasHas aMnAMdMKaLms, MOAEKYASPHAs AMArHOCTMKA, BbIIBAEHWE PAaCTUTEAbHbIX BUPYCOB.

1. Introduction

Grapevine (Vitis spp.) is one of the most im-
portant crops in agriculture but is affected by many
viruses. To date, over 90 viruses and viroids have
been characterized from vineyards, many of which
have a severe impact on the growth, viability, and
productivity of this crop [1, 2, 3]. These viruses
lower both the quality and quantity of the harvest
and shorten the productive lifespan of vineyards,
causing major economic damage. In grapevines,
the virus is mainly transmitted in propagation via
infected material or vectors such as nematodes,
mealybugs, and scale insects.

Grapevine fanleaf virus (GFLV), which causes
fanleaf degeneration of grapevine, is the most dam-
aging viral diseases among these [4, 5]. This dis-
ease has been reported in over 60% of vineyard ar-
eas in France [6]. Xiphinema index [7] is the most
important vector of GFLV transmission. This vi-
rus causes crop losses of up to 80% and consider-
ably shorten the vineyard lifespan through progres-
sive degeneration of the vines [8, 9].

Typical fanleaf degeneration symptoms include
leaf discoloration (e.g., yellowing, vein banding,
mosaic patterns), leaf deformation (e.g., small
leaves, open petiole sinus), shoot abnormalities
(e.g., short internodes, fasciation), and stunted plant
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growth [10]. Disease severity depends on the grape-
vine variety, rootstock genotype, viral strain, envi-
ronmental conditions, and vineyard management
practices [11].

The GFLV genome contains two positive-sense
single-stranded RNAs, RNA1 and RNA2, which
translate into polyproteins (P1 and P2) that are pro-
cessed into functional proteins through a viral pro-
tease [12, 13]. Genetic diversity studies have indi-
cated that GFLV has a high polymorphism rate and
frequent recombination events in its genome, prob-
ably because the same plant can contain more than
one viral variant [14].

Sanitary selection and certification programs
targeting the most important infectious agents, such
as GFLV, ampeloviruses, closteroviruses, and the
phytoplasmas associated with bois noir and flaves-
cence dorée, are recommended by the International
Council for the Study of Viruses and Virus-like Dis-
eases of Grapevine (ICVG) as a means of combat-
ting grapevine viruses.

New developments in molecular diagnostics
have resulted in novel methods harnessing iso-
thermal amplification techniques integrated with
CRISPR/Cas systems, improving the accessibil-
ity, speed, and accuracy of virus detection. These
technologies allow for the early detection of virus-
es such as GFLV, which is important for control-
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ling their spread and preventing economic losses
[15, 16].

A particularly promising development is the
combination of isothermal amplification tech-
niques, including Recombinase Polymerase Am-
plification (RPA) or Loop-Mediated Isothermal
Amplification (LAMP), and CRISPR/Cas systems.
Not requiring thermal cycling, this combination en-
ables sensitive and fast detection of viral nucleic
acids and then becomes suitable for point-of-care
diagnostics. The most established example of this,
for instance, is the SHERLOCK (Specific High
Sensitivity Enzymatic Reporter UnLOCKing) plat-
form, which achieves specific, highly sensitive, and
specific RNA or DNA sequence detection with the
combination of CRISPR/Cas13 and isothermal am-
plification [17, 18, 19].

DETECTR (DNA  Endonuclease-Targeted
CRISPR Trans Reporter) is another representa-
tive system that uses a combination of CRISPR/
Casl2a and isothermal amplification to detect plant
viruses by identifying specific DNA sequences.
These platforms are promising new tools to trans-
form the field of pathogen diagnostics via rapid, ac-
curate, and low-cost detection [17 — 20].

Though these technologies can be pathed to
other organisms, their utilization for GFLV detec-
tion is in its infancy. CRISPR-based diagnostics
for GFLV, when harvested or individual detection
should enhance the speed of detection which in turn
will allow faster management of the disease, thus
preventing huge economic losses [21, 22].

2. Materials and methods

Sampling and Storage of Plant Material

In 2024, infected plant material with Grapevine
fanleaf virus (GFLV) has been collected from vine-
yards and private farms, especially, the Turkestan
region, including the village of Tulkibas. The symp-
toms of infection by this virus include leaf disco-
louration, leaf deformation and stunted growth.
Samples were collected from grapevine exhibiting
the symptoms of fanleaf degeneration. In order to
maintain integrity, collected samples were shipped
in thermal boxes, equipped with cooling packs. The
samples were brought to the laboratory, where they
were held at -80 °C until use.

Development of Synthetic Control Sequences

Synthetic sequences that had homology to
strongly conserved regions of the GFLV ge-
nome were designed in Geneious Prime® 2024.0.5
software based on previous publications. These se-
quences targeted a critical region within the RNA2

segment of the GFLV genome, specifically the coat
protein (CP) coding region, which is important for
virion and transmission.

The following primers were used for amplifica-
tion and detection of GFLV:

— Forward primer: CCWGACYTMTCYYTRC-
CAAG;

— Reverse primer: GGYTTRCACAARACDC-
GGAG.

These primers amplify a conserved fragment
of 200-250 base pairs (bp) located between nucle-
otide positions 5,200-5,400 bp of the RNA2 ge-
nome segment according to the reference sequence
(GCA _000860305.1). High conservation across di-
verse GFLYV isolates in this region facilitated accu-
rate and specific detection.

These synthetic sequences were cloned into the
pMG-Amp plasmid, ordered from Macrogen (Re-
public of Korea), to facilitate further experimenta-
tion and the development of molecular diagnostic
tools.

Cloning and Transformation

The GFLV sequences were cloned by blunt-end
ligation into the pPCAMBIA2300 vector. The GFLV
sequences were cloned in this study under the con-
trol of the Cauliflower mosaic virus (CaMV) 35S
promoter and the nopaline synthase (NOS) termina-
tor.

Transformation of E. coli cells (Dh5a strain)
was carried out using the heat shock method. Com-
petent cells were thawed on ice for 15 minutes, fol-
lowed by the addition of ligated plasmid DNA. The
mixture was incubated on ice for 30 minutes. Cells
were subjected to heat shock at 42°C for 1 minute,
then cooled on ice for 5 minutes. A total of 250 uL
of LB medium (antibiotic-free) was added to the
cells, and the mixture was incubated at 37°C with
shaking (160 rpm) for 1 hour. After centrifugation
at 5000 rpm for 5 minutes, the supernatant was dis-
carded, and the pellet was resuspended in 100 pL of
the remaining solution.

The transformed cells were plated onto solid LB
agar medium containing kanamycin (50 pg/mL) and
incubated at 37°C for 16 hours. Individual colonies
were transferred to 2 mL of liquid LB medium with
kanamycin and incubated at 37°C with shaking (160
rpm) for 16 hours. Transformation success was con-
firmed using restriction digestion.

Confirmed clones were stored as glycerol stocks
at -80°C. Plasmid DNA was extracted using the
GeneJET Plasmid Miniprep Kit (Thermo Fisher
Scientific), and concentrations were measured us-
ing a NanoDrop One spectrophotometer (Thermo
Fisher Scientific).
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RNA Extraction and Reverse Transcription

Total RNA was extracted from GFLV-infected
plant material using the FastPure Plant Total RNA
Isolation Kit (Vazyme) following the manufactur-
er’s protocol. RNA quality was assessed by electro-
phoresis in a 1.5% agarose gel with TAE buffer and
ethidium bromide staining.

For reverse transcription, the following reaction
mixture (15 plL) was prepared: 0.5 mM oligo-dT
primers, 0.5 mM random hexamer primers, 3 uL of
total RNA. The mixture was incubated at 72°C for
10 minutes, cooled on ice for 3 minutes, then sup-
plemented with 1X RT buffer, 0.5 mM dNTPs, and
5 U of RevertAid Reverse Transcriptase (Thermo
Fisher Scientific). The reaction was carried out at
45°C for 1 hour.

Recombinase Polymerase Amplification (RPA)

RPA was performed to amplify target regions
of the GFLV genome using Bsu DNA Polymerase
(New England Biolabs). Primers targeting con-
served regions of GFLV, as listed above, were de-
signed using PrimedRPA software. The reaction
mixture included: 1X NEBuffer™ 2, 0.2 mM prim-
ers, 50 ng of DNA template.

Reactions were incubated at 37°C for 1 hour
with constant agitation. Amplification products
were analyzed via electrophoresis in a 1.5% agarose
gel with TAE buffer.

CRISPR/Cas12a-Based Detection

For CRISPR/Casl2a detection, the enzyme En-
Gen® Lba Casl2a (Cpfl) (New England Biolabs) was
complexed with synthetic guide RNA (gRNA), tran-
scribed from the pMG-Amp plasmid using the MEGA-
script™ T7 Transcription Kit (Thermo Fisher Scientific).
The detection mixture included: 2 pL. of RPA-amplified
DNA, 50 nM of the Cas12a/gRNA complex, 500 nM of
single-stranded DNA fluorescent reporter. Fluorescence
readings were taken on the QuantStudio 5 real-time
PCR system at 37°C for 30-60 minutes.

Comparative Analysis of Detection Methods

To compare the efficiency of the CRISPR/
Casl2a-based system, conventional PCR was per-
formed. The reaction mixture included: 1X Taq
buffer, 0.2 mM dNTPs, 0.2 mM primers (as listed
above), 1 U of Taq polymerase. PCR products were
analyzed using agarose gel electrophoresis in a 1.5%
agarose gel, visualized under UV light.

3. Results and discussion
Sampling and Detection of Grapevine Fanleaf
Virus (GFLV)

The study was conducted on grapevine samples
collected from private farms in Turkestan region
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and the village Tulkibas Most plants screened dis-
playing symptoms characteristic of Grapevine fan-
leaf virus (GFLV) infection, such as leaf distortion,
discoloration and growth inhibition. Five of the 16
tested samples had previously been assayed and
proven to be infected by GFLV.

Pathogen detection was performed using mod-
ern molecular techniques such as reverse transcrip-
tion polymerase chain reaction (RT-PCR). Sensi-
tivity and specificity of RT-PCR were both high,
thereby making RT-PCR a reliable method for the
diagnosis of viral infections in grapevines. Subse-
quent sequencing showed, with regard to the GFLV,
that local strains might differ genetically, improv-
ing the knowledge of the evolution and epidemiol-
ogy of the virus.

Figure 1 presents the RT-PCR results for GFLV.
The successful amplification of target sequences in
infected samples highlights the effectiveness of RT-
PCR for detecting these viruses.

-
i'- >
. e
| -

Figure 1 — The electrophoresis results of RT-PCR detection:
M — DNA size marker (1 Kb Plus DNA Ladder, Invitrogen). 1—
Negative control for GFLV. 2 — GFLV -infected sample.

These results confirm the specific amplification
of viral sequences and the absence of nonspecific
bands in negative controls, underscoring the reli-
ability of RT-PCR for GFLV detection.

Development of Synthetic Control Sequences for
GFLV Detection

To facilitate diagnostics of GFLV, synthetic con-
trol sequences were designed based on conserved
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regions of the viral genome. These sequences were
designed for enabling scalable and reproducible de-
tection. The synthetic constructs were cloned into
plasmids in E. coli cells for scalable production and
molecular testing.

Figure 2 presents the design of the synthetic se-
quence for GFLV, with key components used for
molecular cloning and diagnostic applications. The
diagnostic target, identified as the Gf-con homo-

log conserved region, is marked with a blue bar.
Two specific primers, Gf-3 and Gf-4 (green bars),
are used to amplify this target region. The figure
also indicates the restriction sites (Pstl, Sstl, Sacl,
Aval, Xhol, and Alul) located further downstream
that are important for cloning and sequence verifica-
tion.This design allows for plasmid vector incorpo-
ration and diagnostic workflows, including CRIS-
PR and PCR-based approaches.

1 10 Pl E) 4 50 60 7 8
01 656 il 30 4 50 0 70 B
Pstl (6) Sstl (12)

=~
Sacl (12)

ARG i (10)

CTGCAG
§

90 00 m 120 130 745

TATCCCGGGGTGTATGTGGAAGAGGATGGAAGCTTTGAAGTTAAAATTCGCTC

Aval {136)
Xhol (136)~

CTCGAG
[S—

Figure 2 — A schematic representation of the synthetic sequence for GFLV

Optimization of GFLV Detection Using CRIS-
PR/Cas Systems

Synthetic control sequences complementary
to conserved regions of the GFLV genome were
used to optimize detection protocols. We tested
two CRISPR-based systems, Casl3a and Casl2a,
to assess their sensitivity and efficacy for detecting
GFLV infections.

Direct detection of GFLV RNA by the Casl3a
system used RNAse Alert reporters to measure
RNA cleavage activity. This approach, however,
showed very low sensitivity, as pronounced fluo-
rescence signal were obtained only at high RNA
concentration. The fluorescence was observed to
peak at 306.14 RFU at 10 ng/uL. and 51.43 RFU at
a concentration of 1 ng/ul, with concentrations of
100 pg/uL or below not showing any detectable sig-
nal. As such, these results illustrate the crude sen-
sitivity of Cas13a type sdRNPs as presently config-
ured. More optimizations are needed to enhance the
system specificity and efficient targeting of viral
RNA by for example, designing guide RNAs.

In comparison, the Cas12a system used reverse
transcription and RPA (recombinase polymerase

amplification) to amplify the target sequence in ad-
vance of detection. Combined with DNAse Alert re-
porters, this increased sensitivity dramatically. The
fluorescence signals were 512.20 RFU (10 ng/uL)
and 131.72 RFU (1 ng/ul), indicating the capacity
to detect lower viral loads than what was achiev-
able with Casl3a. No signals were observed with
concentrations lower than 100 pg/uL, but was over-
all expected as the additional use of RPA was in-
deed able to amplify enough the target material to
increase the detection limit.

The GFLV-specific RPA primers were de-
signed based on strict criteria to minimize off-target
amplifications and maximizing efficiencies for RPA
reactions. Primers were 30-35 nucleotides in length,
with GC content between 40% and 60%, no second-
ary structures, and no formation of heterodimer. The
GFLYV target sequence was amplified using specific
forward primer (5’-CGTACGACTGATGCTGAC-
GTGCT-3") and reverse primer (5’-GACTGACG-
TAGCTGACGTGACT-3’).

The relative comparison of the systems con-
firmed the benefits of Casl2a over Casl3a for
GFLV detection. Combined with RPA, Casl2a
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exhibited greater reliability and sensitivity, estab-
lishing it as the diagnostic method of choice for
GFLV infections. While Cas13a has a limited per-
formance, meaning additional optimization, espe-
cially the guide RNA design, is required for GFLV,
it is confirmed a better diagnostic approach in this
sense.

The results of this study highlight the benefits
of integrating RPA with CRISPR/Cas systems for
enhanced molecular diagnostics. This detection
method offers high sensitivity, specificity, and ef-
ficiency, and can be readily applied on-site, which
is particularly valuable for controlling economically
important grapevine viruses. An additional approach
involves optimizing the Cas13a system while devel-
oping alternative protocols for a broader range of
sample types to evaluate the viability of these tools
across diverse contexts.

The results demonstrate the relevance of CRIS-
PR systems to plant virus diagnostics, mirroring
recent reports about their speed and sensitivity. For
instance, Mahas et al. developed a CRISPR—Ca-
s12a-based assay to detect plant DNA viruses with
high sensitivity and specificity in about one hour
[23]. Similarly, Aman et al. reported an efficient
one-pot RT-RPA—CRISPR/Casl12a assay for plant
RNA viruses, emphasizing its rapidity and sensi-
tivity [24].

However, in this study, the Casl2a system
showed the greatest sensitivity for GFLV detec-
tion when combined with RPA which was con-
sistent with prior research. An amplification step,
such as RPA, is likely implicated in the improved
sensitivity associated with Casl2a-based detection
methods. In contrast, the RNA-targeting Casl3a
system did not incorporate an amplification step
and, as a result, exhibited lower sensitivity. The lim-
itations may be due to the guide RNA being poorly
designed, or that the structure of the viral RNA is
complex and has been implicated in previous studies
as affecting detection efficacy. [25-27].

The development of synthetic control sequenc-
es for GFLV provided a reliable means to optimize
and validate the detection assays. Such controls are
essential for standardizing diagnostic tests and en-
suring their accuracy and reproducibility across dif-
ferent laboratories and field conditions.

Conclusion

The Casl2a system along with RPA was vali-
dated as rapid, highly sensitive, and specific mo-
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lecular identification strategies for the Grapevine
fanleaf virus (GFLV). Its sensitivity to detect low
viral loads makes it particularly appropriate for the
diagnosis of GFLV infection in grapevine samples.
The introduction of an additional amplification step,
such as RPA, increases the detection of sensitiv-
ity and makes the Casl12a system the diagnostic of
choice compared to the less sensitive Casl3a sys-
tem in its present configuration.

Although the Casl3a system had limited sensi-
tivity, we speculate that this was due to potentially
subpar guide RNA design or structural complexity
of the viral RNA. Future work will be centered on
guide RNAs for Casl3a optimization to enhance
diagnostic capability of GFLV and other plant vi-
ruses.

The Casl2a system will also undergo further
confirmation on a broader sample size obtained
from various geographical locations. This will en-
able its robustness and reliability across diverse
field conditions. Furthermore, the adaptation of
Casl2a-based detection techniques to other plant
pathogens may enhance its applicability in agricul-
tural diagnostics.

Synthetic control sequences were integral to this
study, providing a standardized and scalable frame-
work for molecular diagnostics. Such controls not
only facilitated the fine-tunining of detection proto-
col but also went a long way in ensuring the repro-
ducibility of the experiments, an essential feature in
the development of diagnostic assays.

Overall, the proposed CRISPR/Cas12a platform
integrated with RPA is a promising step towards
robust molecular diagnostics of GFLV, contribut-
ing to faster, more sensitive, and scalable plant
virus detection. In the future, we will improve the
guide RNAs for both the Casl2a and Casl3a sys-
tems and test their applicability for more plant vi-
ruses. Moreover, the advancement in portable field-
deployable diagnostic technologies stemming from
these systems potentially transforms approaches
towards plant disease management, facilitating the
early detection and control of economically signifi-
cant pathogens in viticulture and other high-value
Crops.
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