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Abstract We investigated the role of the DDTFR10/A gene
of the ethylene response element-binding protein (EREBP)
family through the CRISPR/Cas9 genome editing approach.
The associated role of this gene in tomato fruit ripening was
known. The involvement of ripening-regulatory proteins in
plant defense has been documented; therefore, to find the
involvement of the DDTFR10/A gene in host susceptibility,
we introduced the mutation in DDTFR10/A gene through
CRISPR/cas9 in the genome of the tomato plant. The 50%
biallelic and 50% homozygous mutations were observed in
the T, generation. The CRISPR/Cas9 edited plants showed
40% reduced symptoms of Fusarium wilt compared to con-
trol plants (non-edited). The DDTFR10/A gene expression
in tomato plants was evaluated against biotic (Fusarium wilt)
and abiotic (salinity) stresses, and the upregulated expres-
sion of this gene was found under both challenges. However,
a comparative increase in DDTFR10/A gene expression was
observed in tomato plants upon inoculation with Fusarium
oxysporum f. sp. lycopersici. The phenotypic assay per-
formed on edited tomato plants demonstrated the role of
the DDTFR10/A gene in contributing toward susceptibility
against Fusarium wilt.
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Introduction

Ethylene response factors (ERFs), or ethylene response ele-
ment-binding protein (EREBP), are unique plant transcrip-
tional factors specified by the integrative node of the ethyl-
ene transduction pathway (Guo and Ecker 2004). They are
characterized by distinct AP2 (APETALA2)/ERF DNAbind-
ing domain that binds at GCC-box or DRE (/C-repeats) ele-
ments of the promoter region of ethylene-responsive genes
(Fujimoto et al. 2000). Their major role has been described
in ethylene signaling (Cheng et al. 2013). Particularly their
role was observed in regulating metabolic pathways, phyto-
hormones signal transduction, response to biotic and abiotic
stimuli, and other developmental processes (Gu et al. 2000;
Fits and Memelink 2000; Banno et al. 2001; Dubouzet et al.
2003). In response to biotic and abiotic stimuli, signaling
or cross-talk among ethylene, salicylic acid, jasmonic acid,
and abscisic acid pathways has been documented (Fujita
et al. 2006). In Arabidopsis, AtERF1 was studied for its key
involvement in the ethylene and jasmonic acid pathway (Lor-
enzo et al. 2003). The tobacco Tsil, pepper CaPF1, wheat
TaERF1, soybean GmERF3, and rice OsERF71 regulate
multiple responses in biotic and abiotic stresses (Park et al.
2001; Yi et al. 2004; Tang et al. 2005; Xu et al. 2007; Zhang
et al. 2009; Li et al. 2018a, b, c, d).

In tomato (Solanum lycopersicum), with whole-genome
sequence annotation, 77 genes were declared to encode pro-
teins belongings to the ERF subfamily (Pirrello et al. 2012a,
b) that might be involved in several physiological and devel-
opmental processes. However, most of these were identi-
fied with their role in fruit ripening (Pirrello et al. 2012a, b;
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Fujisawa and Barraclough 2013; Liu et al. 2016). Few ERFs
were investigated for their regulatory role in stress response,
including Pti4-6, SIPti4, LeERF1-4, JERF3, TSRF1, ERF5,
SI-ERF.B.3, SIERF84, and SIERF2 (Zhou et al. 1997; Gu
et al. 2000, 2002; Mysore et al. 2002; Chakravarthy et al.
2003; Tournier et al. 2003; Wang et al. 2004; Zhang et al.
2004; Pan et al. 2012; Klay et al. 2014; Li et al. 2018a, b,
¢, d; Yu et al. 2018). Multiple aspects of ERF proteins in
plant stress responses by interacting with cis-acting elements
of the promoter region of downstream genes were studied
(Buttner and Singh 1997). The role of ERF proteins, tobacco
Tsil, and tomato JERF3 was underlined in defense pathways
related to both salt and pathogenic attack (Park et al. 2001;
Wang et al. 2004). Li et al. (2018a, b, c, d) reported the func-
tion of SIERF84 in biotic and abiotic stress. The SIERF84
works to enhance tolerance to salt stress but increase suscep-
tibility towards Pseudomonas syringae pv. Tomato DC3000
attack. Similarly, the dual role of several ERFs has also
been documented, as a single ERF protein may involve in
the developmental process and plant stress response. The
expression of the tomato S1Pti4 gene is enhanced during the
ripening process and upon pathogen attack (Gu et al. 2002;
Chakravarthy et al. 2003; Chen et al. 2008). The LeERF3b
was studied with high expression in low ethylene fruits, but
environmental stimuli induced its expression, i.e., drought,
low temperature, and desiccation (Chen et al. 2008). A
DDTFR10/A (Differential Display Tomato Fruit Ripening)
(synonym, SIERF-B1) gene induced by ethylene and cat-
egorized in the ethylene response element-binding protein
(EREBP) family. It contains conserved DNA binding AP2/
ERF domain. Liu et al. (2016) explained its upregulation at
the onset of ripening and suggested it as the best candidate
for activating the ripening process. Its continuous expression
was also observed in salt stress on tomato plants (Ouyang
et al. 2007). However, its differential expression as a nega-
tive or positive regulator of transcriptional activity is still
unknown. Several ethylene-regulated genes have no assigned
particular function; reverse genetics is currently being used
to investigate their function (Moin et al. 2018).

Tomato is a vegetable crop grown worldwide due to its
great economic value. Although it is native to South Amer-
ica (FAO 2009), some Asian subcontinents contribute to its
production. With an average of 9.90 tonnes/ hectare tomato
yield, Pakistan occupied the 33rd position in the world
(35 tonnes/hectare). The gap between global and Pakistan
tomato production is harnessed by producing new cultivars
with improved quality, high yielding, or disease resistance.
The Ayub Agriculture Research Institute (AARI), Faisal-
abad, released two tomato hybrids (cv. Sandal and Surkhail)
with production from 180 to 190 tonnes/hectare (Soomro
et al. 2020). Biotic and abiotic factors are among the lead-
ing constraints in obtaining tomato per hectare yield. Yield-
limiting tomato wilt is most commonly observed in the field.
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The vascular wilt caused by Fusarium oxysporum f. sp. lyco-
persici (Sacc.) W.C. Snyder and H.N. Hans, a soil pathogen,
produce heavy economic losses (Hussain et al. 2016). We
used two tomato cultivars, cv. Sahel (Fusarium wilt tolerant)
(Farooq et al. 2013) and cv. Sandal (Fusarium wilt suscep-
tible) (Syngenta 2015; Soomro et al. 2020). Both hybrids
have similar yield potential with good agronomic traits.
The CRISPR/Cas9 system has extensive acceptance from
the scientific community due to its versatility and easiness
among genome editing strategies (Karmakar et al. 2022a).
The CRISPR-Cas9 approach enables scientists for develop-
ing strategies to induce resistance in plants against patho-
gens. Scientists have been attempting to develop advanced
strategies to leverage the precise nucleic acid cleavage
ability of the CRISPR-Cas9 system. CRISPR/cas9 system
consists of two components: the Cas9 protein and sgRNA
(guided RNA). CRISPR RNA (crRNA) association with
trans activating crRNA (tracr RNA) forms sgRNA for the
recognition of target sites that direct the endonuclease Cas9
protein for inducing double-stranded breaks (DSBs). When
DSBs generate, cellular DNA repair pathways inadvertently
induce Insertion—deletion mutations (indels), which causes
frameshift mutations (Karmakar et al. 2022a; Molla et al.
2022). Hence, we attempted to edit the DDTFR10/A gene
in tomato cv. Sandal (Fusarium wilt susceptible) through
CRISPR/Cas9-based genome editing and observed Fusarium
wilt tolerance in DDTFR10/A knockout tomato plants. The
comparative expression profiling of the DDTFR10/A gene
was also performed in biotic and abiotic stresses in tomato
plants of cv. Sahel and cv. Sandal. Our study demonstrated
a comparative increase in the expression of the DDTFR10/A
gene under Fusarium wilt stress.

Materials and methods

Selection of CRISPR-cas9 target sequence
in DDTFR10/A gene

The DDTFR10/A gene sequence of tomato was fetched
from NCBI (National Center for Biotechnology Informa-
tion) database and subjected to the web tool CHOPCHOP
v2 (Labun et al. 2016) for target selection. It delivers target
sequences by perceiving PAM (protospacer adjacent motif)
sequence site. RNA Folding Form V2.3 displayed the target-
sgRNA secondary structure.

Development of CRISPR/Cas9 constructs for genome
editing in tomato.

The CRISPR/Cas9 construct targeting DDTFR10/A was
prepared in the pYLCRISPR/Cas9Pubi-B binary vec-
tor (Ma et al. 2015). The sgRNA and OsU6a promoter
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sequence was synthesized in pUCS57, an intermediate vec-
tor, by taking the services provided by Eurofins, genom-
ics, USA. The target-sgRNA expression cassette was
constructed in overlapping PCR using a thermal cycler
(peqSTAR), in which the first reaction comprised U-F/UT
(-) and gRT (+)/gR-R primer pairs with the engineered
target sequence, and the second reaction included Pps/
Pgs primers containing Bsal-cutting site (Supplementary
file 1). The nested PCR amplicon (sgRNA expression cas-
sette) proceeded to Golden Gate cloning for Bsal diges-
tion/ligation reaction (NEB Golden Gate assembly Kit;
Bsal-HF v2) comprised of pYLCRISPR/Cas9Pubi-B,
10X T4 DNA ligase buffer, and water (nuclease-free). The
resultant product was transferred to Escherichia coli cells
(Top10 strain) using the heat shock method for bacterial
transformation. The transformed bacterial cells selected
under kanamycin selection pressure were cultured on an
LB medium for plasmid Isolation (GeneJET plasmid Kit,
Thermo Scientific). The isolated plasmid was confirmed
with Mlul-mediated restriction digestion and sequencing.

In planta transformation

The pYLCRISPR/Cas9Pubi-B-DDTFR10/A construct
was delivered to Agrobacterium tumefaciens strain AGL1
through electroporation. The electroporated cells cultured
on LB medium containing streptomycin were incubated
at 28 °C. The colonies that appeared under selection
pressure were confirmed for harboring the pYLCRISPR/
Cas9Pubi-B-DDTFR10/A construct. The transformed cells
were cultured and harvested for preparing the cell suspen-
sion (1 x 10° concentration ml~!) (Supartana et al. 2006)
in sucrose solution (30%). The in planta transformation
(floral dip method) was performed following the protocol
by Yasmeen et al. (2009). Seeds of tomato varieties, vari-
eties Sandal (Susceptible to wilt), and Sahel (Wilt toler-
ant) were sown in earthen pots in Belgium compost in the
greenhouse of fungal molecular biology laboratory (FMB
Lab.), University of Agriculture Faisalabad, Pakistan.
They were transfected with A. tumefaciens strain AGL1
containing CRISPR/Cas 9 construct at the floral stage.
The sterile syringe (1 ml) filled with cell suspension was
injected onto the stigma of unopened flowers (before pol-
lination) without splitting the subtle floral parts. Three
consecutive treatments with 24 hourly gaps were made.
The Ariel part of treated plants was well irrigated after
48 h of treatment and kept until fruiting. Seeds were taken
from harvested fruits and sown in Belgium compost-filled
earthen pots. Upon germination, the application of phos-
phinothricin (80 mg L™!) was executed on juvenile seed-
lings at 48 h intervals. Plants that survived under selection
pressure were put to downstream applications.

Mutation detection

The isolation of gDNA (Genomic DNA) of selected plants
(putative targeted plants) was carried out using GeneJET
Plant Genomic DNA Purification Kit, Thermo Scientific,
USA). PCR analysis was executed using specific primers
flanking the target sites (150-250 bp upstream of the tar-
get sites) (Forward: 5’TCCACCCTTTATAATCTCCA3',
Reverse: 5’AAACGAGAGACAGATTCAAGS3) '. Tar-
get sequence (Ts) includes a diagnostic EcoRI restriction
enzyme site (partially overlaps the PAM sequence) spanning
the Cas9 cleavage site. Therefore, purified PCR products
of putative targeted plants proceeded to restriction diges-
tions with EcoRI endonucleases for edited plant detec-
tion. The amplified products of edited plants were eluted
(FavorPrep Gel purification kit, Favorgen Biotech Corpora-
tion, Taiwan) and cloned into a cloning vector (pTZ57R/T,
InsTAclone™ PCR cloning kit) for direct sequencing. The
generated chromatograms with superimposed sequences
were decoded using the DSDecodeM web tool based on the
Degenerate Sequence Decoding method for genotyping tar-
geted mutations.

Phenotypic assay

Diseased parts of wilt-affected tomato plants (lower
leaves yellowing, vein clearing, marginal necrosis, and
defoliation) were collected. The 3—5 cm tissues were sur-
face sterilized with 5% sodium hypochlorite solution and
cultured on PDA (potato dextrose agar) medium contain-
ing 250 mg L~! streptomycin and incubated at 28 +2 °C.
Fungus culture was purified using the single-spore iso-
lation method (Amini and Sidovich 2010; Baloch et al.
2021). These cultures were morphologically characterized
by mycelial growth, spore character, and colony charac-
ter. Small, hyaline oval to sickle-shaped and single or
bi-celled, or multicelled conidia was observed under the
microscope. The pinkish-white to light pink colored colo-
nies were formed during incubation. The fluffy mycelial
growth was observed on culture plates. Based on morph-
ocultural characteristics, it was characterized as Fusarium
oxysporum. The conidial suspension with 1x 107 ml™!
density was made in distilled water from 5-day-old cul-
ture (Catanzariti et al. 2015). Root-dip inoculation of
10 days old tomato seedlings was performed (Catanzariti
et al. 2015). The seedlings were carefully uprooted from
the compost and dipped into conidial suspension solu-
tion for 5 min, and replanted into compost-filled earthen
pots. Knockout plants and control plants were inoculated
with conidial suspension. Data were recorded daily till the
third-week post-inoculation. The disease incidence was
recorded with a 0—4 rating scale defined by Song et al.
(2004). The scale denoted zero (0) for no infection or
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symptom, while four (4) indicated whole plant yellowing
or dead plants. The one (1), two (2), and three (3) repre-
sented slightly wilted or yellowing of 1-2 leaves per plant
(about 25% wilt condition), moderately wilted or yellow-
ing of 2-3 leaves per plant (about 50% wilt condition) and
heavily wilted, inhibited growth or all plant leaves yellow-
ing ( about 75% wilt condition), respectively.

Expression profiling of DDTFR10/A gene under biotic
and abiotic stresses

For expression profiling of DDTFR10/A, two sets of
tomato plants were analyzed. One set of tomato plants
of cultivar Sandal (susceptible) was challenged with
Fusarium oxysporum f. sp. lycopersici (tomato wilt), and
the second set was subjected to salt stress. Tomato plants
were inoculated with Fusarium oxysporum f. sp. lycoper-
sici (FOL) by root-dip inoculation of 10-day-old seedlings
with conidial spore suspension (1 x 10’ ml~! density). The
control plants were irrigated with water (negative control).
The wilt-tolerant tomato cultivar (Sahel) plants were also
inoculated with Fusarium oxysporum f. sp. lycopersici
(FOL). Twenty-one days post-inoculation, leave samples
were collected for RNA isolation in liquid nitrogen. In the
second set of tomato plants challenged with salt stress,
NaCl (8 dS m~! and 10 dS m™! electrical conductivity) was
applied through irrigation water to tomato seedlings for
salinity stress. Seven consecutive irrigations were applied
24 hourly. Control plants were irrigated with tap water.
Under salinity stress, leaf samples were taken for RNA
isolation.

Total RNA from leave samples were isolated using Gene-
JET Plant RNA Purification Kit (Thermo Scientific, USA),
and cDNA was synthesized using RevertAid First Strand
cDNA Synthesis Kit (Thermo Scientific, USA). Compara-
tive expression profiling among control and stress-bearing
plants was performed. We used the PrimerQuest™ tool to
design qRT-PCR primers for expression profiling of the
DDTFR10/A gene. The expression level DDTFR10/A gene
was estimated by the 2744 method, using SIEF1« (S. lyco-
persicum elongation factor 1-alpha) (Ouyang et al. 2007) as
a reference gene under salinity stress and GAPDH (glycer-
aldehyde 3-phosphate dehydrogenase) reference gene (Cat-
anzariti et al. 2015) for normalizing gene expression under
FOL challenge. The reaction mixture consisted of cDNA,
primers, Maxima SYBR Green/ROX/qPCR Master Mix
(Thermo Scientific, USA), and nuclease-free water. The RT-
gPCR analysis was carried out on the CFX96 Touch Real-
Time PCR detection system. The reaction was performed
with three replicates for each sample. Gene expression level
under both conditions was calculated relative to respective
reference genes.
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Result
Comparative expression profiling of DDTFR10/A gene

The DDTFR10/A gene expression was investigated under
salinity and Fusarium wilt stresses on tomato plants using
Rt-gPCR analysis (Fig. 1). DDTFR10/A gene-specific prim-
ers were designed by the PrimerQuest tool (Supplementary
file 1). Differential expression of the DDTFR10/A gene
has been observed in stress conditions. DDTFR10/A gene
expression level was determined in Fusarium wilt-chal-
lenged plants of cultivars Sandal (susceptible to Fusarium
wilt) and Sahel (wilt tolerant) using GAPDH as a refer-
ence gene for normalizing gene expression. A comparative
increase in DDTFR10/A gene expression was observed in
inoculated plants of wilt-susceptible cv. Sandal compared to
control plants and inoculated plants of resistant cv. (Sahel).
The expression of DDTFR10/A gene in control plants and
inoculated plants of resistant cv. (Sahel) was comparatively
less. The expression profiling of the DDTFR10/A gene in
cultivars Sandal (Susceptible) and Sahel (tolerant) deter-
mined the role of this gene as a negative regulator that con-
tributes towards wilt susceptibility. In another set of tomato
plants, the expression level of the DDTFR10/A gene was
determined under high salt conditions using the SIEFla
gene as a reference gene. The DDTFR10/A gene showed
upregulation under a high salinity challenge compared to
control plants.

The upregulation of DDTFR10/A gene expression under
the Fusarium wilt challenge was comparatively higher than
the salinity stress. In comparison, the expression level of
the DDTFR10/A gene was slightly high in plants treated
with NaCl level 10 dSm~! than plants treated with NaCl
level 8 dSm~!. However, the overall expression of the
DDTFRI10/A gene in NaCl-treated plants was not compara-
tively high.

CRISPR/cas9 based genome editing in tomato

A DDTFR10/A gene is an ERF family gene that contains
DNA binding AP2 domain (https://www.uniprot.org/uniprot/
QOFR33). Some studies revealed it as a ripening-regulated
protein; however, up-regulation in the expression of this
gene in salt stress was also observed (Ouyang et al. 2007;
Liu et al. 2016). Though, the role of the DDTFR10/A gene
in plant defense against diseases is not well-explained yet.
Therefore, we attempted to introduce the mutation in the
DDTFR10/A gene through CRISPR/Cas9 genome editing.
The NCBI reference sequence of the DDTFR10/A gene
(NM_001319660.1) was retrieved, and the target (5' TTC
TCAAACCTCATCGAATTCGG 3') was designed. The tar-
geting specificity was confirmed in the Blastn search tool
against the S. lycopersicum genome. The specificity criteria
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Fig. 1 Expression level of the DDTFR10/A gene using RT-gPCR
analysis was analyzed under wilt and salinity challenges. a The
DDTFR10/A gene expression under salinity stress on tomato cv.
Sandal was shown to be upregulated compared to control plants.
The expression level of the DDTFR10/A gene was increased with an
increase in treatment level, 8dS/m and10dS/m, respectively. b Upon

of the target to the non-target sequence were a mismatch
of > 2 bases at the seed region or PAM-proximal region and
differences of > 5 bases at the non-seed region or PAM-distal
region (Ma et al. 2015). The sgRNA folding determines the
effectiveness of sgRNA-Cas9 working. Therefore, the target-
sgRNA folding was also predicted (Supplementary file 2).
The predicted folding revealed the pairing of two bases of
the target with sgRNA. For efficient targeting, there should
be no base pairing between sgRNA and the target. However,
the base pairing of fewer than six bases might be tolerated
(Ma et al. 2015).

In overlapping PCR reactions, the target sequence was
introduced into the sgRNA expression cassette. The OsUba
and sgRNA were first amplified from the pUC57 backbone
with U-F/UT (-) and gRT (+) /gR-R primers. In 2" step, the
position-specific primers with an engineered Bsal cutting
site were used to develop a sgRNA expression cassette. The
expression cassette was introduced into the pYLCRISPR/
Cas9Pubi-B binary vector with golden gate assembly. The
pYLCRISPR/Cas9Pubi-B- DDTFR10/A construct was
delivered to A. tumefaciens for in planta transformation.
The floral-dip method was adopted, and transformants were
selected under basta selection pressure (80 mg L™!). Ten
plants survived under selection pressure, while the remain-
ing died. For full allelic edited plants detection, purified
PCR products of putative targeted plants (survived under
selection pressure) were treated with EcoRI restriction
enzyme. Of the ten selected plants, the restriction digestion
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inoculation, the expression level of the DDTFR10/A gene in wilt-sus-
ceptible tomato cv. Sandal was high compared to the control plants
(non-inoculated). However, the expression of the DDTFR10/A gene
in control plants and inoculated plants of wilt-tolerant tomato cv.
Sahel was similar

assay revealed no restriction digestion in four plants that
were a generation of the Sandal variety (Susceptible to wilt).

The editing in four tomato plants (targeted generation)
survived under the selection regime and was analyzed by
direct sequencing of PCR amplicons (~ 326 bp) that were
achieved in a PCR analysis using specific primers flank-
ing the target sites. Superimposed chromatograms decoded
through DSDecodeM revealed biallelic and homozygous
mutations. In 4 sequenced sites, 50% detected mutation was
homozygous, and 50% was biallelic (Fig. 2; Table 1). The
targeted mutations were due to the addition, deletion, and
substitution of nucleotides. In single base insertion or dele-
tion, the proportion for deletion of “A” and insertion of “T”
was more significant and corroborated previous reports by
Zhang et al. (2014) and Ma et al. (2015). In TP2 and TP7
plants, the “T” nucleotide is inserted in the target sequence
that is identical to the nucleotide present at -4 from the
protospacer (PAM) sequence, which is in accordance with
the findings of Chakrabarti et al. (2019), and Molla et al.
(2022). Due to the insertion/deletions of nucleotides, stop
codons were formed, and ORF was truncated that led to non-
functional protein formation (Supplementary file 3).

We demonstrated the role of the DDTFR10/A gene in
contributing susceptibility by performing the phenotypic
assay of edited tomato plants (knock out/mutants) by exert-
ing Fusarium wilt stress. After the first week of inoculation,
symptoms started to appear on tomato plants. However,
in the third week of post-inoculation, targeted plants were
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TP10

Allele 1
Allele 2

Allele 1 TICTCAAACCTCATCGATATICGG
Allele 2 TICTCAAACCTCATCGATATICGG
Reference TICITCAAACCTCATCGAATICGG

Fig. 2 Detected mutation in targeted DDTFR10/A gene and disease
assay of T, tomato plants a Ten tomato plants, after basta selection,
were screened for Indel detection with EcoRI digestion. The targeted
plants, TP1, TP3, TP4, TP6, TP9, and TP10, appeared to be un-edited
and produced double bands (~210 bp and ~ 110 bp), while TP2, TPS5,

Table 1 Targeted genomic mutations of DDTFRI0/A gene in T,
plants of tomato. Changed nucleotides are highlighted in red color

Target sequence: TTCTCAAACCTCATCGAATT CGG; Heterozy-
gous: 0, Homozygous: 2, Biallelic: 2, Total: 4

TP2 TTCTCAAACCTCATCGATATTCGG Biallelic
TTCTCAAACCTCATCGAAATTCGG

TP5 TTCTCAAACCTCATCG - - TTCGG homozygous

TP7 TTCTCAAACCTCATCGATATTCGG homozygous

TP8 TTCTCAAACCTCA - - - - - - TCGG Biallelic

TTCTCAAACCTCATCGAAATTCGG

observed with distinct symptoms. The disease incidence per-
centage of targeted and control tomato plants was measured
with observable symptoms, including yellowing, necrotic
lesions, stunted growth, and wilt condition. The 25-30%
disease severity was recorded on edited plants, showing
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TICTCAAACCTCATCGATATICGG
TICTCAAACCTCATCGAAATICGG
Reference TICTCAAACCTCATCGAATICGG

.
Allele 1 TICTCAAACCTCATCG --TICGG
Allele 2 TICTCAAACCTCATCG - - TTICGG
Reference TICTCAAACCTCATCGAATICGG
P8
1
Allele 1 TICTCAAACCTCA ------ TCGG
Allele 2 TICTCAAACCTCATCGAAATICGG

Reference TICTCAAACCTCATCGAATICGG

TP7, and TP8 produced single bands (~326), indicates fully edited
alleles. b Direct sequencing of PCR product containing the targeted
site of fully edited tomato T, plants. The overlapping traces of the
sequencing chromatogram were decoded by the DSD method. Arrows
indicate the site of mutation

symptoms like yellowing of 2-3 leaves, vein clearing, and
moderately stunted growth (Supplementary file 4). The con-
trol plants were heavily wilted (65-70%) with yellowing of
all plant leaves, growth inhibition, necrotic lesions forma-
tion, and dying of lower leaves.

Discussion

As a robust reverse genetic approach, we used CRISPR/
Cas9-based genome editing to evaluate the regulatory role
of the DDTFR10/A gene in the Fusarium wilt disease chal-
lenge in tomato plants. However, Chen et al. (2013) docu-
mented the upregulated expression of the DDTFR10/A gene
in response to Tomato Yellow Leaf Curl Virus infection.
However, its contribution as a positive or negative regula-
tor of defense system against diseases is unknown and has
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not yet been attempted to unveil through reverse genetics
approaches. Successful targeted mutagenesis using the
CRISPR-Cas9 system has already been employed in tomato
crops (Ito et al. 2015; Pan et al. 2016; Yu et al. 2017; Li et al.
2018a, b, c, d; Liu et al. 2020). For DDTFR10/A gene target-
ing, the expression cassette consisted of the OsU6a promoter
and sgRNA sequence identified by Ma et al. (2015). Target-
sgRNA was transcribed with initiated nucleotide G at the 5’
end (Shan et al. 2013; Ma et al. 2015). One of the critical
points to determine Cas9/sgRNA effectiveness is sgRNA
secondary structure formation (Makarova et al. 2011). Our
target-sgRNA sequence folding was shown the pairing of
only two bases of the target with sgRNA.

We selected the transformants using basta concentration,
80 mgL~!; similarly, Khuong et al. (2013) sprayed basta
concentration, 75 mgL~!, on soil-growing tomato plantlets.
The selected transformants or putative-targeted plants were
screened for mutation detection. Their indel detection was
achieved by restriction digestion with the EcoRI enzyme. The
sequence analysis revealed two types of mutation, homozygous
and biallelic. The wild-type alleles produced a double band,
while the mutant ones remained undisrupted and produced
a single band. Four plants produced undisrupted alleles. We
used a web tool DSDecode, to decode the sequencing chro-
matogram reads. Li et al. (2018a, b, ¢, d) also used the DSDe-
code method to read the overlapped chromatogram of different
genes linked to lycopene accumulation in tomato plants.

The knockout plants were assessed for their performance
against Fusarium wilt stress. The Fusarium oxysporum
was isolated from tomato wilt tissues and morphologically
observed to produce hyaline oval to sickle-shaped, single or
bicelled or multicelled, conidial spores and pinkish-white to
light pink colored colonies. Similar results were observed
by Manikandan et al. (2018), who reported single to mul-
ticelled, hyaline oval or sickle-shaped micro and macro-
conidia and whitish or creamy or pinkish white or pinkish
fungal colonies of different isolates of Fusarium oxysporum.
The isolated Fusarium wilt pathogen was used to inoculate
tomato plants. At 21 days of post-inoculation, distinct symp-
toms in tomato seedlings were observed. However, compara-
tively lesser disease symptoms were observed in targeted
plants to the non-targeted control plants. The disease sever-
ity percentage of the control plant was recorded as about
65-70% after three weeks of inoculation. Edited plants sur-
vived the stress regime, and disease severity was recorded by
nearly 25-30%. Disease incidence on selected control plants
(cv. Sahel, known to Fusarium wilt susceptible) was close to
the results of Houssien et al. (2010), and Shanmugam and
Kanoujia (2011), who studied 69.44% and 78.50% disease
incidence on plants in pots experiment, respectively.

The Fusarium oxysporum f. sp. lycopersici is the main
contributor to tomato vascular wilt. The penetration and

colonization of a fungus in vascular tissues produce discolora-
tion, wilting, collapsing, and ultimately dying. These complex
symptoms are physiological disturbance and inactivation of
the defense pathway (Srinivas et al. 2019). Disease progres-
sion is a complex trait controlled by multipart genetics. It is
the first report that indicated the role of the DDTFR10/A gene
in Fusarium wilt or vascular wilt. Numerous studies on the
involvement of different genes in the Fusarium wilt of toma-
toes have been documented in the literature. The NB-LRR
protein I (Catanzariti et al. 2017), I-2 (Simons et al. 1998),
1-3 (Catanzariti et al. 2015), I-7 (Cendales et al. 2016), and a
small transmembrane protein Solyc08g075770 (Prihatna et al.
2018), were proved to be involved in FOL resistance. SlyFRG4
mutants developed through CRISPR-based genome editing dis-
played enhanced FOL susceptibility (Karmakar et al. 2022b).
However, some gene products are documented to facilitate the
infection and enhance susceptibility to the disease.

The differential expression of the DDTFR10/A gene was
observed under stress conditions (Fusarium wilt and salin-
ity) through expression profiling. The expression level of
DDTFR10/A was comparatively higher in Fusarium wilt-
susceptible tomato cv. Sandal when inoculated with FOL as
compared to control plants. Unlike salt-treatment plants, an
increase in DDTFR10/A gene expression was observed in
Fusarium wilt-challenged plants. Hence, we attempted the
genome-editing strategy using CRISPR-Cas9 tool for finding
the role of DDTFR10/A gene in tomato against Fusarium wilt.
The findings corroborate the role of DDTFR10/A in disease
establishment and indicated its role as a negative regulator to
the resistance against Fusarium wilt.
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