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GENERAL INTRODUCTION

Viruses are among the most challenging pathogens affecting global agriculture, causing
extensive crop damage, reducing food security, and significant economic losses. Intensified
crop monoculture, vector proliferation, and climate change all contribute to the global
impact of viral diseases. Because of the limited effectiveness of traditional control
measures against plant viruses, such as the use of pesticides and cultural practices, the
development of genetically resistant cultivars is required as a durable and sustainable

solution.

Cucumber mosaic virus (CMV) is a widely distributed and agriculturally destructive virus.
CMV has a broad host range, infecting over 1200 plant species, including vegetables, fruits,
and ornamental plants. It ranks as the fourth most significant among all plant viruses
(Zitter and Murphy, 2009; Scholthof et al., 2011). CMV is particularly devastating in
tomato (Solanum lycopersicum), where it induces symptoms such as mosaic pattern,
chlorosis, leaf distortion, stunted growth, fruit malformation, and death in severe case,
ultimately leading to substantial economic losses (Pagan, 2019; Hirsch and Moury,
2021). CMV is predominantly transmitted by aphids in a non-persistent manner and
occasionally through seeds, which enables widespread dissemination across regions and

cropping systems (Tatineni and Hein, 2023).

CMV is a positive-sense single-stranded RNA virus belonging to the genus Cucumovirus
within the family Bromoviridae. The CMV genome comprises three segments, RNAI,
RNA2, and RNA3, along with two sub-genomic RNAs (RNA4 and RNA4A), which

together encode five major proteins: 1a, 2a, 3a (movement protein), and 3b (coat protein)



translated from RNA1, RNA2, RNA3, and sub-genomic RNA4, respectively. While the
2b, an RNA silencing suppressor protein is encoded by RNA2 but is translated from the
sub-genomic RNA4A at the 3" ends of RNA2 (Palukaitis, 2019). Among these CMV
proteins, the 2b protein plays a pivotal role in overcoming plant defenses. 2b is a
multifunctional virulence determinant that enhances pathogenicity by suppressing post-
transcriptional gene silencing (PTGS), altering hormone (SA and JA) signaling, affects host
gene expression, increases viral accumulation, and facilitating systemic viral movement

(Lewsey et al., 2009; Zhang et al., 2024; Crawshaw et al., 2024).

The virulence and functionality of 2b vary across the CMV strains. Strain-specific amino
acid sequence variants of 2b such as R2b, Y2b, and HL2b differ in their RNA silencing
suppressor (RSS) activity and pathogenicity, attributed to specific amino acid substitutions,
particularly in the C-terminal region revealed in sequence alignment, which is essential for
nuclear localization and host protein interaction (Goto et al., 2007; Sueda et al., 2010).
For example, A2b from CM95 strain and R2b from CM95R strain differ by a single amino
acid at the position 46 (C to R). While Y2b from CMV-Y strain shares a significant
sequence similarity (>90%) with R2b but contains unique substitutions, both belongs to
the subgroup I, and the HL2b from lily-CMYV strain in the subgroup IA, shows ~80-85%
sequence similarity, induces necrotic spots on infected Arabidopsis but fails to interact with
certain host proteins due to unique C-terminal residues, unlike subgroup I strain like CMV-
Y (Goto et al., 2007; Sueda et al., 2010; Masuta et al., 2012; Kim et al., 2022). In
contrast, 2b from CMV (Ho) mutant belongs to subgroup IA, sharing over 85% amino acid
sequence similarity with other virulent subgroup IA isolates like HL2b, is asymptomatic in

Arabidopsis thaliana, indicating that even a single or limited number of substitutions in 2b



can cause substantial differences in symptoms (Takahashi et al., 2022). These sequence
changes may modulate its interaction with host factors, affecting CMV pathogenicity and

symptom development.

The functional significance of the 2b varies on the host plant species, highlighting
differences in host plant-virus interactions. The 2b protein has multifunctional role in
virulence. In Arabidopsis thaliana, 2b from CMV-Fny strain, a well-characterized
subgroup IA isolate, acts as a potent RNA silencing suppressor, a key antiviral response by
binding small RNAs and interfering with Argonautel (AGO1)-mediated cleavage (Zhao
et al., 2018). It also binds to double-stranded small RNAs and AGO proteins, impairing
the RNA-induced silencing complex (RISC) and facilitating systemic infection (Zhang et
al., 2006; Gonzalez et al., 2010). Previous studies have demonstrated that interference
with 2b’s activity or localization impairs CMV virulence (Du et al., 2014). Besides its RNA
silencing suppression activity (RSS), 2b interacts with several host proteins. Fny2b binds
to catalase (CAT3) in Arabidopsis, affecting its hydrogen peroxide breakdown function,
leading to necrosis and enhanced viral accumulation (Murota et al., 2017). Similarly,
Fny2b interacts with ribosomal subunit protein S11 (RPS11) to promote CMV replication
and RSS activity, which is essential for systemic CMV infection in Nicotiana benthamiana
(Wang et al., 2017). 2b from CMV-LS, a subgroup I isolate, suppresses the host RNA
silencing, facilitates viral RNA accumulation, and enables systemic infection in Nicotiana
clevelandii and Nicotiana glutinosa (Shi and Palukaitis, 2011). However, the requirement
of 2b for CMV systemic infection is host-dependent. In Nicotiana tabacum, Fny2b enhance
systemic infection and symptom severity by suppressing RNA silencing and facilitating

viral movement to the shoot apical meristem and leaf primordia, but CMVA2b (lacking 2b)



able to achieve systemic infection highlights that 2b is not essential for systemic infection

in tobacco (Sunpapao et al., 2009).

In addition, 2b has been also identified as a pivotal factor in suppressing host defenses by
modulating host defense-related hormonal pathways, such as those mediated by salicylic
acid (SA) and jasmonic acid (JA). 2b disrupts RNA silencing and modulates both salicylic
acid (SA) and jasmonic acid (JA) signaling pathways, promoting systemic infection and
symptom severity of CMV in tomato (Lewsey et al., 2009; Khaing et al., 2020a). In
Nicotiana benthamiana, 2b interacts with HSP90s, preventing SA-induced degradation of
NPR3, stabilizing NPR3 (a negative regulator of SA signaling), inhibiting NPR1 activation
(a positive key regulator), reducing PR/ gene expression, and facilitating CMV infection
(Zhang et al., 2024). In Arabidopsis thaliana, 2b binds to AGOI, inhibiting RNA
silencing, downregulating NPR1, and suppressing SA-mediated defense signaling (Shukla
et al., 2022; Crawshaw et al., 2024). Further, 2b binds to AGOI, interfering with JA
signaling downstream of the CORONATINE-INSENSITIVEl (COII) receptor,
suppressing JA-responsive genes, such as PDFI1.2 and VSP2, and weakening plant
defenses against herbivores and pathogens (Arinaitwe et al., 2023; Crawshaw et al.,
2024). 2b also interacts with jasmonate ZIM-domain (JAZ) proteins, preventing COI1-
mediated degradation of JAZ, which reduces JA-related insect repellence, enhances aphid
attraction, and facilitating virus transmission (Ziebell et al., 2011; Wu et al., 2017). It also
disrupts JA biosynthesis by targeting allene oxide cyclase (AOC) through interaction with
cpSRP54, reducing JA synthesis and further compromising JA-mediated defense (Ji et al.,

2021). The C-terminal of 2b is critical for suppressing salicylic acid (SA)- mediated



defenses and ensuring efficient CMV systemic infection and transmission (Ziebell et al.,

2011; Zhou et al., 2014).

Given the central role of 2b in CMV pathogenicity, it is a promising target for virus
resistance. However, the successful infection and systemic movement of CMV, like many
plant viruses, relies not only on viral proteins but also on specific host factors that facilitate
viral RNA replication and protein translation. One of the most prominent susceptibility
factors is eukaryotic translation initiation factor 4E (elF4E), which facilitates cap-
dependent translation in eukaryotes for viral proliferation. The eIF4E protein binds the 5'-
cap structure of mRNA and recruits it to the ribosome for translation initiation, a process
hijacked by many viral proteins such as VPg or RSS proteins for viral replication (Zlobin
and Taranov, 2023; Zhou et al., 2024). Tomato has two elF4E isoforms, e[F4E1 and
elF4E2. Several studies have revealed that potyviruses, cucumoviruses, and other +ssRNA
viruses directly interact with elF4E or its isoforms to facilitate infection (Gauffier et al.,
2016; Piron et al., 2010). Mutations in e[F4E disrupt these interactions, conferring the host
resistance to the viruses without significantly impairing plant viability. Natural and induced
mutations in the eIF4E gene have been shown to confer recessive resistance to a variety of
RNA viruses in different crops (Nicaise et al., 2003; Ruffel et al., 2002). This form of
resistance is often durable and broad-spectrum, making elF4E an attractive target for crop
improvement. Natural elF4E mutations, such as D55G in tobacco, confer resistance to
potato virus Y (PVY), while D7/G in watermelon disrupts the VPg—eIF4E interaction,
conferring resistance to papaya ringspot virus-watermelon strain (PRSV-W), zucchini
yellow mosaic virus (ZYMYV), and watermelon mosaic virus (WMV) (Zhou et al., 2024).

Similarly, the natural mutation Ala64Val in sugarcane eIF4E prevents interaction with the



VPg, impairing viral replication and conferring resistance to sugarcane streak mosaic virus

(SCSMV) (Shan et al., 2023).

The advancement of precise genome editing technologies, particularly CRISPR/Cas9 or
TILLING, has enabled targeted mutations in susceptibility genes like elF4El for
developing novel virus-resistant crops to multiple potyviruses. While complete gene
knockouts have proven to confer broad-spectrum resistance, they can also cause growth
defects because of the essential role of e[F4E in translation initiation (Mazier et al., 2011;
Gauffier et al., 2016). Many potyviruses, such as pepper mottle virus (PepMoV), clover
yellow vein virus (CIYVV), and pepper veinal mottle virus (PVMV), conferred resistance
by elF4E CRISPR/Cas9 editing (Bastet et al., 2019; Moury et al., 2020; Yoon et al.,
2020; Kuroiwa et al., 2022). Although gene redundancy may affect resistance, TILLING-
induced mutations inhibited the expression of elF4E, preventing it from interacting with a
viral protein and conferring resistance to PVY and PepMoV (Piron et al., 2010; Gauffier
et al., 2016). Broad-spectrum resistance to potyviruses such as PVY, PepMoV, tobacco
etch virus (TEV), soybean mosaic virus (SMV), bean common mosaic virus (BCMV), and
watermelon mosaic virus (WMV) was achieved by RNAi-mediated silencing of eIlF4E1
and elF4E2, although the plant growth was impaired, but it reduced the viral interaction
and virus accumulation (Mazier et al.,, 2011; Gao et al., 2020). To address these
limitations, in-frame deletions or point mutations offer an alternative approach by
maintaining partial functionality while disrupting virus-specific interactions (Bastet et al.,

2019; Nekrasov et al., 2017).

In a previous study by Atarashi et al. (2020), a tomato (Solanum lycopersicum L.) cultivar

‘S8’ was CRISPR/Cas9-edited in the second half of the e[F4E1 coding region to generate
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three different alleles of e/F'4E1: A knockout allele with a 1-nucleotide insertion (/INS), a
3-nucleotide deletion (3DEL), and a 9-nucleotide in-frame deletion (9DEL). The /INS line
was resistant to PVY but remained susceptible to CMV. It was unable to produce functional
protein, because of a frameshift caused by the 1-nucleotide deletion in the first exon. In
comparison, 9DEL conferred partial resistance to CMV while remaining susceptible to
PVY, making it a unique e/F'4E] resistance allele. Inoculation of //NS tomato suggested
that eIF4E1 is needed for PVY, but not for CMV infection. Since elF4E1 retains its function
for tested PVY infection, we hypothesized that the mutated eIF4E1 (9DEL-elF4E1) protein

from 9DEL tomato has acquired an inhibitory function against CMV infection.

The objective of this study was to investigate the interaction between 9DEL-elF4E1 and
CMV viral proteins, and to elucidate the molecular basis of this unique partial CMV
resistance mechanism conferred by 9DFEL. The findings propose a novel resistance strategy

based on targeted in-frame genome editing.



MATERIALS AND METHODS

1. Plant and virus materials

Wild-type tomato (Solanum lycopersicum L.) cultivar ‘S8’, cultivar ‘Moneymaker’,
previously CRISPR/Cas edited 9DEL tomato (Atarashi et al. 2020), Nicotiana
benthamiana and ATG7ko N. benthamiana (lacking autophagy, ATG7 knockout mutant of
Nicotiana benthamiana, provided by Dr. Kenji Nakahara, details regarding its generation
and other characteristics are currently restricted from disclosure) plants were grown in a

plant growth chamber at 25°C under a 16-hour light and 8-hour dark cycle.

The CMV-Y (Kataoka et al. 1990), and its site-directed mutant variants (Ryabov et al.
2001; Tungadi et al. 2017), 2b protein lacking CMVA2b (Matsuo et al. 2007), and its C-
terminal truncated CMV-2bAC (Otagaki et al. 2006), were stored in a deep freezer at -
80°C, used as inoculum for the inoculation tests in this study. CMV-Y, CMV-R95, and lily-
derived CMV-HL strain were the source of Y2b, R2b, and HL2b protein (Kataoka et al.

1990; Goto et al. 2007; Masuta et al. 2012).

2. Plasmids for Yeast Two-Hybrid

Previously constructed plasmids were used for the yeast two-hybrid (Y2H) assay. pPGADT7
was used as the prey vector and pGBT9 was used for the bait vector from the
Matchmaker™ GAL4 Two-Hybrid System 3 (Clontech Laboratories, Mountain View, CA,
USA). After Dpnl restriction digestion, the insert was purified by a MonoFas® DNA
purification Kit I following manufacturers manual and then cloned by ligation reaction

(Table 1) at 16°C for 30 min.



Table 1: Ligation mixture.

Reagents Volume (10 pl)
Vector 1 ul
Insert 2 ul
2x rapid ligation buffer Sul
(Promega, Madison, WI, USA)
T4 ligase (Promega, Madison, WI, USA) I ul
DW 1 ul

To introduce mutations in cloned target sequences in pGADT7 or pGBT9 vectors, inverse
PCR was performed using the KOD OneTM PCR Master Mix Blue (Toyobo, Japan). The
PCR reaction solution and the PCR condition are shown in Table 2 and 3. All the primers

are listed in Table 4.

Table 2: Inverse PCR reaction solution.

Reagents Volume (50 ul)
KOD OneTM PCR Master Mix Blue 25 ul
Forward primer (10 uM) 0.75 pul
Reverse primer (10 uM) 0.75 pul
Template plasmid DNA 1~50 ng/50 pl
DW Up to 50 pul

Table 3: Inverse PCR conditions.

Starting | Denaturation | Annealing | Extension Hold
94°C 98°C 60°C 68° C 30 Cycle 72°C 4°C
2 min 10 sec 30 sec 6 min 3 min 00




Table 4: Primers used in inverse PCR.

Primer name Sequence Mutant product Vector
R2b_A_primer F ATGGAATTGAACGCGGGTGCGATGAC R2b_VS5A pGBT9-
R2b_A_primer R ACGGATCCCCGGGAATTCCGGCGATACAGTC R2b_VS5A pGBT9-
R2b_R_primer F TGGAGGCGAAGAGACAGAGACGAAGG R2b_K23R pGBT9-
R2b_R_primer R CCATACGAGCCAGTTGGAGT R2b_K23R pGBT9-
R2b_F_primer F TTCCTACCGTTCTTTCAAGTGGATGG R2b_YSS8E pGBT9-
R2b_F primer R GCGGAACAGTCTGAGATTCGAA R2b_YSS8E pGBT9-
R2b_L primer F GGAAGACCATGATCTTGACGATACCG R2b_F94L pGBT9-
R2b_L primer R GCCGATAACTCTAAACGAGA R2b_F94L pGBT9-
R2b_K primer F GTTCGCCGGTAACAAATGGGCGGAAGG R2b_E104K pGBT9-
R2b_K primer R CAATCGGTATCGTCAAAATCATGG R2b_E104K pGBT9-

HL2b_KI104E _primer F | GGTTCGCCGGTAACGAATGGGCGGAAGGAGCTTTCTGACTGCAG | HL2b_L94F K104 pGBT9-
CCAAGCT E, HL2b_K104E
Pst1 - R2b AGCTTGGCTGCAGTCAGAAAGTACC HL2b_L94F K104 pGBT9-
E, HL2b_K104E
R2b_CDEL _primer_F CATTGTGAATTCATGGAATTGAACGTAGGTGC R2b_CDEL pGBT9-
R2b_CDEL _primer_F CAAGCTGGATCCCTAGTCAAAATCATGGTCTTCCG R2b_CDEL pGBT9-

The PCR products were digested with Dpnl and purified using a MonoFas® DNA
purification Kit 1. T4 DNA ligase (Promega, Madison, WI, USA) was used for ligation at
16°C for 30 min, and the ligation mixture (Table 1) was transformed into E. coli DH5a
cells using heat shock at 42°C for 30 sec and chilling on ice for 2 min. Transformants were
analyzed by colony PCR (GoTaq®, Promega) following manufacturer’s instructions and

sequenced.

3. Yeast Two-Hybrid (Y2H) assay
TheY2H assay was performed using the Matchmaker™ GAL4 Two-Hybrid System 3
(Clontech Laboratories, Mountain View, CA, USA) following the manufacturer’s
instructions. Saccharomyces cerevisiae strain Y2HGold was cultured in 10 ml liquid YPAD
medium at 30°C overnight with shaking. Fresh 40 ml YPAD was added and incubated for
3-4 hours until the concentration reached ODgoo = 0.6-1.0. The culture suspension was

centrifuged at 3000 rpm for 5 min and the supernatant was discarded to harvest the yeast
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cells. 25 ml of D.W. was added and centrifuged at 3000 rpm for 5 min. After discarding the
supernatant, 900 pul D.W. was added and centrifuged at 3000 rpm for 5 min, discarded the
supernatant. The yeast cells were resuspended in 1 ml of 100 mM lithium acetate (LiAc),

and incubated at room temperature for 10 min.

Table 5: Transformation solution.

Reagents Volume (360 pnl)
50% PEG-3350 240 ul
IM LiAc 36 ul
10mg/ml SSS DNA S5ul
DMSO 36 ul
DW 43 ul

A total of 360 pul of transformation solution (Table 5), 100 pul of yeast cell suspension and
1 ul of respective plasmid DNA were added, and the mixture was vortexed. It was
incubated for 30 min at 30°C, followed by an additional incubation at 42°C for 30 min. It
was centrifuged at 3000 rpm for 5 min and the supernatant was discarded. The pellets were
resuspended in 500 pl of D.W. and 250 nul was spread on selective SD media lacking
Leu/Trp (SD-LT), Leu/Trp/His (SD-LTH), or Leu/Trp/His/Ade (SD-LTHA). Plates were
incubated for 3-4 days at 30°C. Protein interactions were observed based on yeast growth

on selective media.

4. Agrobacterium infiltration
Agrobacterium tumefaciens LBA4404 competent cells (Takara Bio Inc., Kusatsu, Shiga,
Japan) were thawed on ice. They were mixed with 300-500 ng of binary vector DNA,

incubated on ice for 15-30 min, chilled in liquid nitrogen for 20 sec, and incubated at 37°C
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for 5 min. Pre-warmed SOC medium (900 pl) was added; the mixture was incubated at
28°C for 4 hour with gentle shaking and centrifuged at 5000 rpm for 3 min. The pellets
were resuspended in the remaining medium. Bacterial suspension was spread onto LB
plates with appropriate antibiotics (kanamycin, streptomycin, rifampicin, hygromycin) for
selection. The plates were incubated at 28°C for 2-3 days. Selected colonies were cultured
in 4 ml LB broth supplemented with appropriate antibiotics (25 pl of a 50 mg/ml stock
solution of each) and incubated at 28°C with gentle shaking for 48-hour. The suspension
was centrifuged at 4000 rpm for 10 min; the pellets were resuspended in infiltration buffer
(10 mM MgCl,, 10 mM MES, 24 ul of Acetosyringone) and incubated at room
temperature. The abaxial surface (underside) of N. benthamiana leaves were inoculated
using a needleless plastic syringe loaded with the suspension. Inoculated plants were

maintained at 25°C at 16-hour light and 8-hour darkness.

5. Co-localization test
At 4 days post-infiltration, infiltrated leaf sections were observed under a confocal
microscope (All-in-One Fluorescence Microscope BZ-X800, KEYENCE, Osaka, Japan)

to assess the subcellular localization and signal overlap of GFP and dsRed fluorescence.

6. Split luciferase complementation assay
Previously constructed binary vectors express PVX CP and R2b were fused to N-terminal
fragment of luciferase (nLuc), while C-terminal fragment (cLuc) was fused to R2b, e[F4E1,
and 9DEL-elF4E1, under the control of CaMV 35S promoter. The co-infiltrated
combinations were R2b x PVX CP, 9DEL-eIF4E1 x R2b, 9DEL-eIF4E1 x PVX CP, R2b x
R2b (as a positive control), el[F4E1 x R2b, and elF4E1 x PVX CP, where PVX CP

combinations served as a negative control. N. benthamiana leaves were agrobacterium-

12



infiltrated as described above, and the plants were maintained at 25°C at 16 hours light and
8 hours darkness for 35 to 38 hours. Infiltrated leaves were sprayed with 1 mM D-luciferin
solution and incubated in the darkness for 7 min. The chemiluminescence luciferase signals
were detected using the FUJIFILM Luminescent Image Analyzer LAS-4000mini

(FUJIFLIM Corporation, Tokyo, Japan).

7. Western blotting
Total protein was extracted from 25 mg of infiltrated leaves that were ground in liquid
nitrogen in a motor and pestle and suspended in 250 pl of 1% SDS-PAGE Laemmli’s
sample buffer (0.5 M Tris-HCI pH 6.8, 10% glycerol, 5% mercaptoethanol, 1% SDS,
0.01% Bromophenol blue). The mixture was vortexed and denatured at 95°C for 5 min. It
was centrifuged at 14000 rpm for 5 min at 4°C. 10 ul of each sample was loaded in the well
in SDS-PAGE gel and ran for 40 minutes (0.3 A per gel). A PVDF membrane was prepared
and replaced with a transformation buffer along with filter paper. Three sheets of filter
paper, gel, PVDF membrane, and three sheets of filter paper were stacked on top of each
other in order from the bottom to the bottom on a blotting device and transferred at 15V
for 30 minutes. After transfer, the gel was shaken and stained with CBB and decolorized
solution. The transferred PVDF membrane was soaked in Blocking buffer (TBST buffer +
5% skim milk) and allowed to stand on shaker for an hour. The primary antibody (diluted
1000 times) was added to TBST-T buffer + 5% skim milk solution and allowed to stand on
shaker for 35 min. The solution was discarded and washed three times with ELiX, followed
by TBST-T wash three times 5 min each and TBST wash one time for 5 minutes on the
shaker. The secondary Goat AP-antibody-IgG was added to TBST-T buffer + 5% skim milk

solution and allowed to stand on shaker for 45 min. The solution was discarded and washed

13



once with ELiX, followed by TBST wash four times 5 min each on the shaker. PVDF
membrane with 1 ml of AP buffer (100 mM Tris-HCI pH 9.5, 100 mM NacCl, 5 mM MgCl2)
and Sul of CDP-Star were packaged using a sealer, and the protein signal was detected

using LAS-4000 mini.

8. Total RNA extraction
Total RNA was extracted using TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA,
USA). 50 mg of infiltrated leaf tissue was collected at 3 days post-infection (dpi) and
crushed in liquid nitrogen. 1 ml Trizol was added, vortexed and incubated for 5 min in
room temperature. 100 pl of Chloroform was added and the mixture was vortexed for 5
min. It was incubated for 3 min and centrifuged at 14000 rpm for 15 min at 4°C. The
aqueous phase was transferred into a new Eppendorf tube. 250 ul of 2-propanol was added,
inverted and incubated for 10 min in room temperature. It was centrifuged at 14000 rpm
for 15 min at 4°C and the supernatant was discarded. 1 ml of 70% ethanol was added and
centrifuged at 14000 rpm for 3 min. The supernatant was discarded and air dried for 5 min.
200 pul of RNase-free water, 100 pul of Phenol and 100 pul of chloroform were added and the
mixture was vortexed for 5 min. It was centrifuged at 14000 rpm for 15 min at 4°C. The
aqueous phase was transferred into a new tube and 2.5 times of 100% ethanol, and 1/10™
volume of NaAc was added. It was inverted and centrifuged at 14000 rpm for 15 min. The
supernatant was discarded, and 1 ml 70% ethanol was added. It was centrifuge at 14000
rpm for 3 min at 4°C. The supernatant was discarded and air dried for 5-10 min. It was
resuspended with 50 pl of D.W. and stored at -80°C. The RNA concentration was checked

by NanoDrop.
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9. cDNA preparation

A total of 25 pl of RNA was mixed with, 3 pl of 10x DNasel incubation buffer, 1 pl of
DNasel, and 0.5 pl of RNase inhibitor and incubated at 37°C for 30 min. 200 ul nuclease-
free water, 100 pl of phenol, and 100 pl of chloroform (100 ul each) was added. The
mixture was vortexed for 1 min and then centrifuged at 14000 rpm for 3 min. 200 pl of
supernatant was transferred into a new Eppendorf tube. 1/10" volume (20 pl) of 3 M
sodium acetate (pH 5.0) and 2.5 times of volume (500 pl) of 100% ethanol was added and
vortexed. It was centrifuged at 14000 rpm for 5 min and the supernatant was discarded. 1
ml of 70% ethanol was added and centrifuged at 14000 rpm for 3 min. The supernatant was
discarded, and the pellet was air-dried for 5-10 min. The pellet was resuspended in 25 pl
of nuclease-free water, and boiled to denature for 2 min.

Reverse transcription was carried out using ReverTra Ace® reverse transcriptase (Toyobo
Co., Ltd., Osaka, Japan) reagents according to the manufacturer’s instructions. The reaction
mixture was prepared by adding the reagents in the Table 6, and then incubated at 30°C
for 10 min, 42°C for 30 min, and 99°C for 5 min.

Table 6: Reverse transcription mixture solution.

Reagents Volume (20 pl)
Denatured total RNA 2-3 ul (0.5-5 png)
Random hexamer primers 0.5 ul
5% reverse transcription buffer 4 ul
10 mM dNTP 2 ul
RNase inhibitor 0.5 ul
ReverTraAce reverse transcriptase 1 ul
(Toyobo Co., Ltd., Osaka, Japan)
Nuclease-free water up to 20 pl
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10. Quantitative RT-PCR

Quantitative RT-PCR mixture was prepared by adding the reagents in Table 7. The forward

and reverse primers were designed from the NCBI database sequences for eI[F4E1/9DEL-

elF4E1, R2b, GFP and the NbL23areal (used as a positive control) are listed in Table 8.

The qRT-PCR was performed using the conditions listed in Table 9.

Table 7: Quantitative RT-PCR mixture reagents.

Reagents Volume (10 pl)
Thunderbird® Next SYBR™ gPCR Mix 5ul
(Toyobo Co., Ltd., Umeda, Osaka, Japan)
Forward primer 0.15 pul
Reverse primer 0.15 pul
cDNA 1 ul
Nuclease-free water up to 10 pl
Table 8: Quantitative RT-PCR primers.
Primer name Sequence

elF4E1-Forward

5'-ATGGAACAGAAACTGATCTCTGAAG-3'

elF4E1-Reverse

5'-AGTTCATCGTCTACCTCTCCTCCTC-3'

R2b- Forward

5'-ATGGAATTGAACGTAGGCGCGATGA-3'

R2b-Reverse

5S'-ACTTTTGTGACCTCGTTCCCGTCGA-3’

GFP-Forward

5'-ATGAGTAAAGGAGAAGAACTTTTCAC-3'

GFP-Reverse

5'-TCCGTATGTTGCATCACCTTCACCC-3'

NbL23areal-Forward

5'-CATTGTTGATCTCAAAGCTGACAAG-3'

NbL23areal-Reverse

5'-GAACAAACGCCTTCTTGGTTCCATC-3'

Table 9: Quantitative RT-PCR amplification conditions.

Starting Denaturation | Annealing | Extension Post-cycling stage
95°C 40 Cycles 94°C 60°C 72°C 95°C 65°C 95°C
2 min 5 sec 10 sec 40 sec 30 sec 30s 30 sec
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11. Inoculation test

The plants were treated with 1mM BTH (benzothiadiazole) to induce SA plant defense 1
day before inoculation. 3 ml of inoculation buffer (0.1 M phosphate buffer, pH 7.0 and 1%
of total volume of Mercaptoethanol) was added to grind the CMV-Y, CMVA2b (lacking
2b), and CMV-2bAC (truncated C-terminus of 2b) infected N. benthamiana leaves.
Carborundum powder was sprinkled on the leaves of tomato ‘S8’ and 9DEL seedlings at
the second or third true leaf stage. The inoculum was wiped on the leaves using a cotton
bud and washed out with distilled water. Uninoculated plants were used as healthy controls.
The infection was observed, and the leaves were harvested at 35 days post inoculation.

Mean and SE of absorbance values at 405 nm of samples from at least six independent
plants per genotype were calculated. The susceptibility threshold was set as 3% the mean

value of healthy controls.

12. ELISA test
At 35 dpi, CP accumulation in uninoculated upper leaves was investigated with anti-CP
polyclonal antibody in a double antibody sandwich enzyme-linked immunosorbent assay
(DAS-ELISA). 200 pul of 0.05 M carbonate-bicarbonate buffer (1 volume of 0.05 M
Na2CO3 and 3 volumes of 0.05 M NaHCO3; pH to 9.6) with 1,000 times diluted anti-
CMYV CP polyclonal antibody was dispensed into each well of a micro-plate and incubated
at 37°C for 2 hours to coat (immobilize through hydrophobic interactions). Then the
solution was discarded. 200 pl of PBS-T (137 mM NacCl, 8.1 mM Na2HPO4.12H20, 1.47
mM KH2PO4, 2.7 mM KClI, 0.05% Tween20, (NaN3 0.2¢g/L)) wash buffer was added and
discarded after 5 minutes. This washing step was repeated 3 times. 1 ml of PBS-T buffer

(10 times to leaf weight) was added, and the harvested leaf crude was extracted. It was

17



vortexed and centrifuge at 14,000 rpm for 10 min at 4°C. 200 pl of the supernatant was
added to the wells (2 repeats for each sample). It was incubated overnight at 4°C. Then the
solution was discarded, and the PBS-T washing was repeated. 200 ul of PBS-T with 1,000
times dilute AP-labeled anti-CMV CP polyclonal was dispensed into each well and
incubated at 37°C for 1 hour. Then the solution was discarded, and the PBS-T washing was
repeated. 200 ul of 10% diethanolamine aqueous solution (pH 9.8 adjusted with HCI) with
0.2-0.3% disodium para-nitrophenyl phosphate hexahydrate (60 mg/0.06g) dissolved was
dispensed into each well to develop color. It was incubated at room temperature and the

absorbance value was measured.
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Chapter I

Identification of interaction between the genome-edited in-frame mutant of

elF4E1 (9DEL) and CMV-2b
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Introduction

The development of virus-resistant crops is a cornerstone of sustainable agriculture.
Traditional resistance breeding relies on the use of naturally occurring recessive resistance
alleles, particularly those affecting susceptibility genes such as elF4E, elF4G, and their
isoforms, which are essential for viral replication and movement. Loss-of-function
mutations in the e/F'4E gene have been exploited to develop resistance against a wide range

of viruses, especially potyviruses (Piron et al., 2010; Gauffier et al., 2016).

Plant-virus interactions involve a dynamic interplay between host defense mechanisms and
viral strategies aimed at overcoming host defense. One of the pivotal targets in this
molecular interplay is the host eukaryotic translation initiation factor 4E (eIF4E), which is
not only essential for mRNA translation but also frequently co-opted by plant RNA viruses
for their replication and infection processes (Bastet et al., 2017). In tomato (Solanum
lycopersicum L.), the eIF4E1 protein has emerged as a critical host susceptibility factor,

particularly for positive-sense RNA viruses such as Cucumber mosaic virus (CMV).

Traditional resistance breeding targeting e/F'4E alleles has provided durable resistance in
many crops. However, these strategies often introduce linkage-drag undesirable traits or
limitations in resistance durability. Genome editing technologies such as CRISPR/Cas9
have now enabled the generation of precise, transgene-free modifications in susceptibility
genes. Instead of complete knockouts, which may disrupt plant development, in-frame
deletions are emerging as an effective approach to confer resistance while maintaining

protein functionality (Chandrasekaran et al., 2016; Bastet et al., 2019).
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In this context, a novel allele of tomato eIF4E1 (9DEL) was generated by in-frame deletion
of nine amino acids in a region suspected of mediating interaction with viral proteins.
Previous studies have shown that plants harboring the 9DEL allele retain normal growth
and yet exhibit partial resistance to CMV infection, which is absent in //NS knockout plants
or wild-type ‘S8’ tomato (Atarashi et al., 2020). Notably, this mutant allele does not confer
resistance to PVY, suggesting a CMV-specific resistance mechanism. This observation led
to the hypothesis that mutant e[F4E1 from 9DEL may interact with CMV proteins in a

mutation-specific manner.

CMV is one of the most widespread and economically damaging plant viruses. Its genome
comprises three RNA segments, with RNA2 encoding the 2b protein translated from the
sub-genomic RNA4A, a well-characterized viral suppressor of RNA silencing (VSR)
(Zhang et al., 2006). The 2b protein counteracts antiviral RNA interference (RNA1) by
binding small RNAs and interacting with AGO proteins, thereby inhibiting the RNA-
induced silencing complex (RISC) and suppressing post-transcriptional gene silencing
(Gonzalez et al., 2010). This function is critical for CMV pathogenicity and systemic
movement within the plant. In addition, 2b modulates plant defense signaling by interfering
with salicylic acid (SA) and jasmonic acid (JA) pathways, contributing to systemic
movement and symptom induction (Lewsey et al., 2009; Zhang et al., 2024). Importantly,
2b contains a highly variable C-terminal region that determines its subcellular localization
and interactions with host proteins. Strain-specific polymorphisms, such as those found in
HL2b, R2b, and Y2b variants, affect symptom severity and binding affinity to host proteins

(Goto et al., 2007; Sueda et al., 2010). Given the essential role of 2b in CMV infection
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and the sequence variability among its isoforms, 2b was selected as a candidate for

interaction analysis, potentially contributing to CMV-specific resistance mechanisms.

Therefore, this chapter focuses on investigating the physical interaction between 9DEL-
elF4E1 and the CMV proteins using protein-protein interaction assays. To address this, |
employed yeast two-hybrid (Y2H), split-luciferase complementation, and subcellular co-
localization assays. These complementary approaches allow to assess direct interaction

between two proteins in vitro and in planta.
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Results

1. elF4E1l and 9DEL both interact with CMYV 2b protein in Y2H assay

The 9-nucleotide in-frame deletion (9DEL) in elF4E1 enhances CMV resistance, unlike
the out-of-frame //NS frameshift mutation (Atarashi et al., 2020), suggesting that the
resistance-associated with 9DEL mutant protein may interfere with specific CMV viral
proteins during infection. To investigate this hypothesis, I conducted yeast two-hybrid
(Y2H) assay to identify the protein-protein interactions between elF4E1 or 9DEL-elF4E1
protein and key CMV proteins. In the initial screening, I evaluated CMV proteins: coat
protein (CP), movement protein (MP), and RNA silencing suppressor protein 2b, which is
a critical target in host antiviral defense strategies. I selected distinct 2b protein variants
from two different CMV strains R2b, and HL2b, for interaction with eIF4E1 and 9DEL-
elF4E1. R2b isoform derived from strain CM95R (a subgroup I isolate), is known for its
potent RNA silencing suppressor (RSS) activity and has been shown to be highly virulent
in model plants such as Arabidopsis thaliana and Nicotiana benthamiana (Goto et al.,
2007). Its strong nuclear localization and broad-spectrum suppression of post-
transcriptional gene silencing (PTGS) make it an ideal representative of fully functional 2b
proteins. While the HL2b isoforms, derived from CMV-HL lily isolate (also a subgroup I
isolate), represent a functionally attenuated 2b protein. Previous studies show HL2b
exhibits weaker silencing suppression, altered nuclear localization, and lower toxicity to E.
coli (Sueda et al., 2010; Masuta et al., 2012), suggesting it has reduced affinity for host
silencing components. Importantly, HL2b serves as a negative control variant, allowing us

to test whether reduced virulence correlates with a loss of elF4E1 interaction. Including
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HL2b provides a mechanistic comparison point for understanding which 2b residues are
essential for eIF4E1 binding. These 2b variants encompasses the functional spectrum of
CMV 2b proteins, ranging from strong (R2b) to weak (HL2b) silencing suppressors. Yeast
cells co-expressing either wild-type elF4E1 or 9DEL-elF4E1 interacted with the R2b
protein demonstrated growth on selective quadruple-dropout (QDO) medium (Figure 1a).
But no interaction was observed between eIF4E1 or 9DEL-eIF4E1 with CMV CP and MP,
as confirmed by lack of growth on QDO medium (Figure 1a). I also evaluated Y2b from
CMV-Y isolates, nearly identical in sequence to Fny2b, which is the most extensively
studied 2b protein in Arabidopsis and Nicotiana (Zhang et al., 2006; Lewsey et al., 2009).
Y2b is known to bind AGOI, suppress RNA silencing, and induce strong symptoms,
making it an excellent comparator to R2b for validating reproducibility across highly active
2b variants. Including Y2b helps to demonstrate whether interaction patterns observed with
R2b are conserved in other functionally equivalent 2b proteins. Y2b also demonstrated
interaction with e[F4E1 and 9DEL-elF4E1 in Y2H (Figure 1b), while HL2b failed to
interact (Figure 1a), differs from R2b and Y2b in several biochemical and biological
properties, including lower toxicity to E. coli (Goto et al., 2007; Sueda et al., 2010). Fny2b
(from CMV-Fny) is therefore expected to interact similarly with elF4E1 and 9DEL-
elF4E1. I aligned the amino acid sequence and showed that HL.2b possesses unique amino
acid substitutions to R2b and Y2b at five positions (Figure 1c¢), which helps to explain its
inability to interact with eIF4E1 and 9DEL-elF4E1. The substitutions are dispersed
throughout the 2b coding region. Thus, identifying which residues are responsible for
difference in the binding affinity could reveal the essential regions within 2b for eIF4E1

interaction. To examine this, point mutants were generated to substitute the five amino acid
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residues in R2b with the corresponding residues from HL2b (Figure 1d). The Y2H result
demonstrated that substitutions at residues 94 and 104 in the C-terminal region of R2b
mutants resulted in complete loss of interaction with both eI[F4E1 and 9DEL-eIF4EI.
Conversely, introducing the reciprocal substitutions at residues 94 and 104 into HL2b
mutants restored its ability to interact with elF4E1 variants (Figure 1d), suggesting that
the C-terminal region of 2b, particularly residues 94 and 104, is critical for the interaction

with elF4E1 proteins.
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2. Confirmation of interaction of eIF4E1 and 9DEL-elF4E1 with 2b protein using
split-luciferase complementation assay and subcellular co-localization test in

planta

In the previous experiments, yeast two-hybrid (Y2H) assays demonstrated that both wild-
type elF4E1 and its in-frame mutant 9DEL-eIF4E1 interact with CMV 2b variants (R2b
and Y2b) in vivo. To independently validate the interactions in planta, I employed a split-
luciferase complementation assay in Nicotiana benthamiana. R2b was fused to either the
N-terminal (nLUC) or C-terminal (cLUC) fragment of luciferase, while eIF4E1, 9DEL-
elF4E1, and the coat protein (CP) of potato virus X (PVX), were fused to the
complementary luciferase fragment (Figure 2). PVX (Potato virus X) belongs to the genus
Potexvirus (family Alphaflexiviridae) was used as a negative control. PVX is
phylogenetically and functionally unrelated to CMV and lacks a 2b homolog or silencing
suppressor. Its coat protein (CP) does not hijack host translation factors and has been
widely used as a neutral, non-interacting control in split-LUC assay (Chen et al., 2008b;
Horstman et al.,, 2014). I carried out Agrobacterium-mediated infiltration in N.
benthamiana leaves to co-express these fusion constructs transiently (Figure 2). Protein-
protein interaction between the infiltrated pairs was detected by chemiluminescent signals
produced upon luciferase reconstitution, which occurs only when the interacting partners
bring the luciferase fragments into close proximity. Strong and reproducible
chemiluminescent signals were detected in leaf areas co-expressing R2b with either eIF4E1
or 9DEL-elF4E1, indicating that both proteins physically interact with R2b in planta
(Figure 2). In contrast, no luminescence was observed when R2b was co-expressed with

the negative control PVX CP, confirming the specificity of the interaction. Notably,
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consistent with previous reports of 2b homodimerization (Chen et al., 2008b), a robust
luminescent signal was also observed in tissues co-expressing R2b fused separately to both
nLUC and cLUC, serving as an internal positive control (Figure 2). These results indicate
that both eI[F4E1 and 9DEL-elF4E1 proteins interact with CMV R2b within the plant cells,

supporting the protein-protein interaction previously observed in Y2H.

To further confirm the interaction of 2b with elF4E1 and 9DEL-eIF4El in planta, |
conducted a subcellular co-localization analysis using confocal microscopy. Constructs
expressing 2b fused to GFP and elF4E1 or 9DEL-eIF4E1 fused to dsRed were transiently
co-expressed in Nicotiana benthamiana via Agrobacterium-infiltration. Fluorescence
microscopy revealed that GFP-2b was localized to both nucleus and cytoplasm, with
particularly strong signals observed at the nucleus and cytoplasm (Figure 3), consistent
with its previously reported cellular localization (Zhang et al., 2006; Lewsey et al., 2010).
In contrast, dsRed-eIF4E1 and dsRed-9DEL-elF4E1 were localized primarily in the
cytoplasm, with faint but detectable nuclear signals, reflecting their role in cap-dependent
cytoplasmic mRNA translation. Merged fluorescence images showed an extensive overlap
between the GFP-2b and dsRed-elF4E1 or dsRed-9DEL-elF4E1, producing strong yellow
signals, particularly at perinuclear and cytoplasmic regions, indicating co-localization
between 2b and both elF4E1 variants (Figure 3). To ensure that this overlap was not
because of nonspecific distribution or overexpression, a series of negative controls were
included: GFP-2b co-expressed with empty dsRed, and dsRed-eIF4E1 or dsRed-9DEL-
elF4E1 co-expressed with empty GFP, and independent expression of each construct.
These controls showed no overlapping fluorescence signals, confirming the specificity of

the observed co-localization (Figure 3). Collectively, these results support that 2b and both
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elF4E1 and 9DEL-elF4E1 co-localized within the same cellular compartments in planta,
reinforcing the likelihood of a biologically relevant physical interaction, and supporting
the hypothesis that 9DEL-elF4E1 may functionally interfere with 2b function through

direct spatial association.
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Figure 1: Interaction of CMV R2b with elF4E1 and 9DEL-elF4E1 in yeast two-hybrid
(Y2H) assay. (a) Yeast two-hybrid analysis was performed to examine the interactions
between wild-type eIlF4E1 and 9DEL-elF4E1 mutant with various CMV proteins,
including coat protein (CP), movement protein (MP), R2b (from CMV-R95), and HL2b
(from CMV-HL). Constructs were cloned into pGADT7 (eIF4E1 and 9DEL-eIF4E1) and
pGBT9 (CMYV viral proteins) vectors and co-transformed into Saccharomyces cerevisiae
strain Y2H Gold. Protein-protein interactions were assessed based on yeast growth on
selective media (SD—Leu—Trp and SD-Leu-Trp—His—Ade). Interaction was confirmed by
robust growth of yeast co-expressing R2b with either eIF4E1 or 9DEL-elF4E1, while no
interaction was observed with CP, MP, and HL2b. (b) Y2H interaction assay with Y2b
(from CMV-Y) showed clear interaction with both e[F4E1 and 9DEL-elF4E1, as evidenced
by strong growth on SD-LTHA media, supporting a specific interaction. While Y2b
showed slight self-activation, as indicated by weak growth when co-expressed with an
empty vector, the interaction with e[F4E1 or 9DEL-elF4E1 was clearly stronger. (¢) Amino
acid sequence alignment of Y2b, R2b, and HL2b proteins reveal five amino acid
substitutions that distinguish HL2b from R2b or Y2b. Key substitutions residues conserved
between Y2b and R2b are highlighted in yellow, and HL2b-unique substitutions are shown
in blue. (d) Schematic diagram of targeted point mutations in R2b and HL2b constructs
used to assess the essential residues responsible for interaction with eIF4E1 variants. Eight
mutant variants were generated by point mutations and tested in Y2H assays. Substitution
of residues 94 and 104 in R2b abolished interaction with eIF4E1 and 9DEL-eIF4E1, while
reciprocal substitution into HL2b restored binding, highlighting these C-terminal residues

as key determinants for binding. Assays were repeated thrice for consistency.
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Figure 2: Confirmation of R2b interaction with el[F4E1 and 9DEL-eIF4E1 using a split-
luciferase complementation assay. Agrobacterium-mediated transient expression was used
to co-infiltrate N. benthamiana leaves with constructs encoding luciferase fragments fused
to the targeted proteins (PVX CP and R2b fused to N- and R2b, elF4E1, and 9DEL-eIF4E1
to C-terminal). Reconstitution of luciferase activity, indicated by chemiluminescent signal,
reflects protein-protein interaction in planta. Chemiluminescence images were detected at
2 dpi using LAS-4000mini. Quantitative luminescence (integrated density) was measured
using ImagelJ software, values are marked with an asterisk (*). Luminescence indicates
interactions between the co-expressed proteins. Strong luminescence was detected in leaf
sectors co-expressing R2b with elF4E1 or 9DEL-elF4EIl, confirming their physical
interaction. Notably, R2b—eIF4E1 exhibited higher luminescence than R2b-9DEL. Self-
interaction of R2b (R2b-nLUC + R2b-cLUC) served as a positive control. In contrast, PVX
CP combinations produced minimal luminescence, confirming the specificity of the

interaction. Assays were repeated three times with consistent results.
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Figure 3: Subcellular co-localization of CMV 2b with elF4E1 and 9DEL-elF4El in
Nicotiana benthamiana. Confocal microscopy of Agrobacterium-infiltrated N.
benthamiana epidermal cells at 4 dpi co-expressing GFP-2b with dsRed-eIF4E1 or dsRed-
9DEL-elF4E1 showed that 2b localized to both the nucleus and cytoplasm, while both
elF4E1 variants were primarily cytoplasmic with weaker nuclear signals. Merged images
revealed yellow fluorescence in co-expressing cells, indicating subcellular co-localization,
especially in perinuclear and cytoplasmic regions. Negative controls- GFP-2b with empty
dsRed, dsRed-eIF4E1 or dsRed-9DEL-elF4E1 with empty GFP, and independent
expression of each construct, showed no fluorescence overlap, confirming the specificity
of the observed co-localization. These findings suggest that 2b and both e[F4E1 variants
occupy overlapping subcellular domains, supporting the possibility of physical interaction

in planta.
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Discussion

Plant resistance to viruses often depends on two primary mechanisms: dominant resistance
(R) genes or recessive loss-of-function mutations in host susceptibility factors. Among
these, the eukaryotic translation initiation factor 4E (e[F4E) gene family has emerged as a
major reservoir for recessive resistance to several RNA viruses (Zhou et al., 2014; Bastet
et al., 2017; Zlobin & Taranov, 2023). Natural or engineered mutations in elF4E often
disrupt their interaction with viral proteins like VPg, interrupting the viral life cycle by
impairing the function of this susceptibility factor essential for infection and replication
(Zhou et al. 2014; Gao et al. 2018; Zhao et al. 2018; Shukla et al. 2020; Yoon et al.
2020; Yu et al. 2020). A loss-of-function el[F4E mutant in Arabidopsis confers recessive
resistance to CMV by preventing the virus from exploiting the host factor, with resistance
observed only in homozygous individuals lacking the wild-type allele (Yoshii et al., 2004).
Notably, such mutations often confer sustainable, broad-spectrum resistance without

compromising essential host functions (Piron et al., 2010).

While most studies on elF4E-mediated resistance focus on potyviruses, whose VPg
directly recruits eIF4E to initiate cap-independent translation, fewer studies have addressed
its role in non-VPg-dependent viruses, like cucumber mosaic virus (CMV). CMV encodes
the 2b protein, a multifunctional RNA silencing suppressor that antagonizes the host RNAi
machinery by binding siRNAs and AGO proteins (Zhang et al., 2006; Lewsey et al., 2010).
This suppressor is essential for systemic infection, virulence, and suppression of host
defense pathways. However, natural plant alleles that inhibit 2b function are rare, and the

mechanistic understanding of host proteins that can neutralize 2b is limited.
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In this context, I investigated whether a previously characterized CRISPR/Cas9-edited in-
frame deletion mutant of tomato elF4E1 (9DEL), which confers partial CMV resistance
(Atarashi et al., 2020), might interact with CMV viral proteins and interfere with CMV
infection and replication. Interestingly, plants with a frameshift mutation (/INS)
completely abolished elF4E1 function are more susceptible than 9DEL plants. This
suggests that resistance in 9DEL is not a result of a loss-of-function but a gain-of-function

trait that interferes with CMV proliferation.

To test this hypothesis, whether 9DEL-eIF4E1 physically interacts with viral proteins to
mediate this resistance, I screened el[F4E1 and 9DEL-elF4E1 against key CMV proteins:
coat protein (CP), movement protein (MP), and three 2b variants (R2b, Y2b, HL2b) using
yeast two-hybrid (Y2H) assays. The interaction was specific to the R2b (Figure 1a) and
Y2b (Figure 1b) protein from the CMV subgroup I isolate, while the HL2b variant, which
carries five unique amino acid changes (Figure 1c¢), failed to interact (Figure 1a). Site-
directed mutagenesis revealed that substitutions at residues 94 and 104 in the C-terminal
domain of 2b were critical for interaction with both eI[F4E1 and 9DEL-eIF4E1 (Figure 1d).
This is consistent with prior evidence that the C-terminal domain of 2b affects its
interaction with host proteins and suppressor function (Goto et al., 2007; Sueda et al.,
2010). However, the 9-amino acid deletion in 9DEL does not disrupt this interaction,
suggesting that the partial resistance in 9DEL plants is not caused by loss of binding, but

is likely due to a functional change in the resulting protein expression.

To verify this result, I used split-luciferase complementation assays in Nicotiana
benthamiana and observed reconstitution of luciferase signals when R2b was co-expressed

with either eIF4E1 or 9DEL-elF4E1 (Figure 2), confirming a physical interaction in planta.
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Control combinations with PVX coat protein failed to yield signal, demonstrating
specificity. Importantly, the result also replicated the known self-interaction (homo-
dimerization) of 2b, as reported previously (Chen et al., 2008b). Further, subcellular co-
localization analysis revealed that 2b was localized to both the nucleus and cytoplasm,
aligning with its dual role in transcriptional and post-transcriptional silencing suppression
(Lewsey et al., 2010; Wu et al., 2017). e[F4E1 and 9DEL-elF4E1 were primarily
cytoplasmic, with occasional nuclear signals. Co-expression of GFP-2b with dsRed-
elF4E1 and dsRed-9DEL-elF4E1 showed extensive cytoplasmic co-localization,
particularly near the nuclear periphery (Figure 3). This spatial overlap reinforces the
likelihood of functional interaction, potentially allowing 9DEL-elF4E]1 to destabilize 2b in
a manner not achievable by wild-type eIF4E1. This spatial overlap supports the possibility
of a functional interaction, suggesting that 9DEL-elF4E1 may interfere with 2b function in
a way that cannot be achieved by wild-type eIF4E 1. Taken together, the results provide the
first direct evidence that el[F4E1 interacts with the CMV 2b protein. While the 9DEL
mutation does not disrupt this interaction but may instead interfere with the functional
outcome of this interaction, supporting a gain-of-function resistance mechanism. This
extends the antiviral role of elF4E1 beyond its established interactions with VPg and
highlights the potentiality of precise in-frame deletions, rather than full knockouts, as a

novel approach to impair the function of viral suppressors.
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Chapter 11

Functional significance of 2b inhibition by genome-edited eI[F4E1 (9DEL) in

CMYV resistance
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Introduction

Developing virus-resistant crops is a major objective in modern agriculture, especially in
combatting RNA viruses. The challenge of engineering virus-resistant crops is urgent like
Cucumber mosaic virus (CMV), an RNA virus with one of the broadest host ranges among
plant viruses. CMV infects numerous economically important crops such as tomato,
cucumber, melon, pepper, and tobacco, causing serious yield losses worldwide. Traditional
resistance breeding often targets viral replication or movement proteins, but CMV presents
a unique challenge because of its potent viral suppressor of RNA silencing (VSRs), which
actively disrupts host defense mechanisms (Garcia-Ruiz, 2018; Ghoshal & Sanfacon,

2015).

Plant antiviral defense systems rely on a multilayered framework that includes both innate
immune responses and post-transcriptional gene silencing (PTGS). Among which RNA
silencing is the most critical. This defense is initiated by Dicer-like (DCL) proteins that
process viral double-stranded RNA into small interfering RNAs (siRNAs), which are then
incorporated into ARGONAUTE (AGO) proteins within the RNA-induced silencing
complex (RISC) to target viral RNA for degradation (Liu et al., 2022; Zhao et al., 2023;
Huang et al., 2025). CMV’s 2b protein undermines this system by directly binding both
siRNAs and AGOI, neutralizing RISC and facilitating infection (Zhang et al., 2006;
Gonzalez et al., 2010). In addition, 2b interferes with transcriptional gene silencing by
altering DNA methylation and fibrillarin localization, weakening systemic immunity

(Lewsey et al., 2010; Garcia-Ruiz, 2018).
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Besides 2b’s critical role in CMV pathogenicity, no natural resistance gene has been found
in tomatoes or other crops that directly target 2b. Instead, CMV resistance is often
polygenic and derived from wild relatives such as Solanum habrochaites and Capsicum
annuum, where resistance correlates with enhanced RNA silencing activity or elevated
expression of genes like AGOI and DCL?2 (Caranta et al., 2002; Li et al., 2020; Akhter
et al., 2021). Recent innovations such as artificial microRNAs and peptide decoys have
explored ways to suppress VSRs, but practical deployment remains limited (Zhang et al.,

2011).

A promising strategy for developing virus resistance lies in susceptibility genes like
elF4E1. elF4E1 1is traditionally known for its role in translation initiation, a well-
established target of VPg proteins of potyviruses, and loss-of-function mutations in eIF4E1
have conferred resistance in several crops (Bastet et al., 2019). However, its potential to
influence non-VPg viral proteins remained unexplored until now. Chapter I revealed that
the CRISPR/Cas9-edited in-frame deletion mutant of tomato eIF4E1 (9DEL) physically
interacts with the CMV 2b protein. This interaction is also observed in wild-type elF4E1.
However, wild-type tomato plants remain fully susceptible to CMV infection, whereas the
9DEL mutant exhibits partial resistance (Atarashi et al., 2020). This suggests that
structural modifications in e/F4E1 can alter plant-virus dynamics of resistance without
abolishing protein interaction. This led to the hypothesis that the potential outcome of this
interaction raises the intriguing possibility that 9DEL-eIlF4E1 may inhibit 2b function and
confer partial resistance, revealing a novel resistance mechanism distinct from classical
recessive resistance and representing a new antiviral approach based on functional

disruption of RNA silencing suppressor 2b.
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This chapter investigates the impact of the 9DEL-eIlF4E1 and 2b interaction on 9DEL
resistance, particularly its RNA silencing suppressor activity and influence on viral RNA
accumulation based on prior evidence that 2b’s silencing suppression is sensitive to
subcellular localization, protein stability, and availability of RNA binding partners (Du et
al., 2014). I also analyzed the requirement of 2b in systemic infection using CMVA2b

mutants and quantify resistance responses in wild-type and 9DFEL tomato plants.
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Results

1. Partial inhibition of RSS activity of 2b by 9DEL-elF4E1 interaction

Plants employ multiple defense mechanisms to regulate host-virus interactions, including
hormonal signaling pathways and protein degradation systems. CMV 2b is known to
interfere with these pathways, notably salicylic acid (SA) and jasmonic acid (JA) signaling,
the ubiquitin-26S proteasome system (UPS), and autophagy (Arinaitwe et al., 2023;
Crawshaw et al., 2024; Nakahara et al., 2012; Yang et al., 2020). To determine whether
9DEL-elF4E1 binding facilitates CMV 2b degradation via autophagy or UPS, potentially
contributing to viral resistance, I co-expressed el[F4E1 and 9DEL-elF4E1 with 2b in wild-
type and ATG7 knockout (lacking autophagy) Nicotiana benthamiana plants and treated
with MG132- which is a 26S proteasome inhibitor. The protein levels of both elF4E1 or
9DEL-elF4E1 and 2b remained unchanged across NB and A7G7ko plants under
proteasome inhibition (Figure 4). This suggests that neither the ubiquitin-proteasome
system nor autophagy contribute significantly to the degradation of these proteins, however,

the evidence remains inconclusive.

Since 2b is a key viral suppressor of RNA silencing (RSS), and 9DEL-elF4E1 binds 2b
without promoting its degradation via autophagy or the 26S-proteasome, I hypothesized
that 9DEL might instead interfere with 2b’s RSS function. 2b’s ability to suppress host
RNA silencing is vital for CMV infection, and impaired RSS function weakens the CMV’s
ability to evade host defense (Zhang et al., 2006; Lewsey et al., 2010; Wu et al., 2017),

thereby contributing to the observed resistance in 9DEL plants (Atarashi et al., 2020).
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To evaluate whether the interaction between 9DEL-elF4E1 and CMV 2b has an inhibitory
effect on 2b function, I examined the impact of 9DEL-eIF4E1 on the RSS activity of the
2b protein. To test this, I co-infiltrated Nicotiana benthamiana with GFP and 2b either
alone or in combination with e[F4E1 or 9DEL-eIF4E1. As expected, co-expression of 2b
with GFP resulted in robust green fluorescence, confirming the strong RSS activity of 2b
(Figure Sa). This fluorescence was significantly reduced in leaf areas where 2b was co-
expressed with 9DEL-elF4E1 (Figure Sa), indicating a suppression of RSS activity of 2b.
In contrast, co-expression of e[F4E1 with 2b did not produce a comparable decrease in
GFP signal (Figure 5b), despite both elF4E variants showing physical interaction with 2b
(Figure 1).

Quantitative analysis of GFP fluorescence intensity using Image) confirmed this
observation. The highest fluorescence was recorded in the co-expression of GFP with 2b,
demonstrating the effect of RSS activity of 2b in the absence of 9DEL-eIF4E1 or elF4E1
(Figure 5b), which significantly decreased in the presence of 9DEL-eIF4E1 (Figure 5b),
whereas wild-type eIF4E1 had little effect (Figure 5a, b). However, the difference between
9DEL-eIF4E1 and elF4E1 was not statistically different (Tukey’s HSD test, p = 0.313),
even though both protein binds to R2b. Western blot analysis further demonstrated that 2b
protein levels were reduced when co-expressed with 9DEL-elF4E1 (Figure 5¢), suggesting
that 9DEL may promote post-translational degradation of 2b. Notably, GFP mRNA levels
were reduced in the presence of 9DEL-elF4E1 (Figure 5d), although the reduction in
mRNA levels was not statistically different compared to wild-type elF4E1 (Figure 5d).
Further, no significant differences were observed in the relative mRNA levels of 2b, 9DEL-

elF4E1, and eIF4E1 (Figure Se, f), suggesting that the inhibitory effect of 9DEL-eIF4E1
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is likely post-translational. These results suggest that 9DEL-eIF4E1 retains its established
elF4E1 function while acquiring a novel ability to suppress CMV virulence by interfering
with the RSS activity of 2b. Unlike the wild-type eIF4E1 protein, in-frame 9DEL mutant
protein confers resistance through active interference with 2b viral suppressor,

demonstrating a unique, gain-of-function mechanism of CMV resistance.
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2. 2b is essential for CMYV virulence and systemic infection in tomato

To evaluate the contribution of CMV 2b to systemic infection and to assess the impact of
the 9DEL-eIF4E1 allele on systemic CMV infection, I conducted inoculation assays using
CMV-Y (wild-type), CMVA2b (2b deletion mutant), and CMV2bAC (C-terminal truncation
of 2b) in both wild-type ‘S8 and 9DEL tomato plants. At 35 days post-inoculation,
systemic viral accumulation in non-inoculated upper leaves was quantified via DAS-
ELISA. As shown in Figure 6a, plants inoculated with CMVA2b exhibited no CMV
accumulation in both ‘S8’ and 9DEL plants, confirming that the 2b protein is indispensable
for efficient long-distance movement and systemic infection in tomato. In contrast, plants
inoculated with CMV-Y or CMV2bAC showed detectable systemic accumulation in both
genotypes. Viral accumulation was lower in CMV-Y inoculated 9DEL plants compared to
wild-type ‘S8’ or susceptible tomato cultivar ‘Moneymaker’ (MM) plants, as indicated by
reduced ELISA absorbance values (Figure 6a, b). These results indicate that, while CMV
2b is essential for efficient systemic infection, the 9DEL-elF4E1 allele partially restricts
viral accumulation in systemic infection consistent with previous study (Atarashi et al.,

2020).
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Figure 4: 9DEL-elF4E1-mediated suppression of CMV 2b is independent of autophagy
and 26S proteasomal degradation. Western blot analysis of Nicotiana benthamiana wild-
type (NB) and autophagy-deficient ATG7 knockout (ATG7ko) leaves co-expressing GFP,
Flag-2b, and Myc-elF4E1 or Myc-9DEL, treated with 100 uM MG132 26S 26S
proteasome inhibitor. Detection was performed using anti-Myc, anti-Flag, and anti-GFP
antibodies. CBB staining serves as a total protein loading control. Protein levels of eIF4E1,
9DEL-elF4E1, and 2b remained stable across all treatments, including NB and A7G7ko
indicating that neither the proteasome nor autophagy pathways significantly contribute to
their degradation. Non-infiltrated healthy (H) plants were used as negative controls to
validate antibody specificity. These findings suggest that 9DEL-elF4E1-mediated
interference with 2b function does not involve proteolytic turnover but likely occurs

through post-translational modulation.
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Figure 5: 9DEL partially inhibits 2b RNA silencing suppressor activity in N. benthamiana
leaves. (a) GFP was transiently co-expressed in N. benthamiana leaves alongside RNA
silencing suppressor Flag-tagged 2b, either alone or in combination with Myc-tagged
elF4E1 or 9DEL-elF4E1. GUS control was included as negative control. Fluorescence
image was captured under UV light at 3 days post-infiltration. (b) Quantification of GFP
fluorescence intensity using ImageJ. Data represents means =+ standard deviation (SD) from
three independent biological replicates (n = 3). Treatments sharing the same lowercase

letters are not significantly different (Tukey’s HSD test, p < 0.05). (c) Western blot analysis
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of total protein extracts using anti-GFP, anti-Flag, anti-Myc antibody to detect GFP, 2b and
elF4E1/9DEL-elF4E1 accumulation, respectively. Integrated density of protein level was
measured from three replicates using Imagel software, values are marked with an asterisk
(*). (d-f) Quantitative RT-PCR to assess mRNA levels which reflect relative transcript
accumulation of GFP, 2b, and eIF4E1. Total RNA was extracted from infiltrated tissues at
3 dpi, reverse transcribed, and amplified using gene-specific primers. NBL23 was used as
the internal reference gene for normalization. Relative expression values were calculated
using the AACt method. Error bars represent standard deviation from three independent
biological replicates (n = 3). In (b) and (d—f), the same lowercase letters indicate no

significant differences in Tukey’s HSD test (p < 0.05).
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Figure 6: Inoculation tests assessing systemic CMV accumulation in tomato plants.

(a) Systemic accumulation of cucumber mosaic virus (CMV) coat protein (CP) was
evaluated in uninoculated upper leaves of wild-type tomato ‘S8’ and 9DEL mutant tomato
plants at 35 days post-inoculation (dpi) with CMV-Y, CMVA2b (lacking 2b), and
CMV2bAC (C-terminal truncate of 2b). Wild-type parent ‘S8’ and 9DEL mutant tomato
plants were inoculated and the systemic accumulation of CMV CP in the uninoculated
upper leaves was determined by ELISA at 35 days post-inoculation. (b) Parallelly, 9DEL
plant was compared with a susceptible tomato cultivar ‘Money maker’ in an inoculation
test to assess differential virus accumulation. Viral accumulation was quantified using
ELISA, and absorbance values (OD at 405 nm) are presented as mean + standard error
from at least three independent biological replicates (n > 3). One-way ANOVA followed
by Tukey’s HSD test was performed to analyze the significant differences among the

multiple treatment groups indicated by lowercase letters between groups (p < 0.05).
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Discussion

The 2b protein of cucumber mosaic virus (CMV) is a multifunctional virulence factor
essential for suppressing host RNA silencing and enabling systemic infection (Zhang et
al., 2006; Lewsey et al., 2010; Du et al., 2014). The observed interaction between 9DEL-
elF4E1 and CMV 2b in this study is likely a key factor contributing to CMV resistance in
9DEL plants. To explore this further, I evaluated whether the genome-edited 9DEL-eIF4E1

interferes with the 2b function, contributing to enhanced CMV resistance.

The findings demonstrate that, while both wild-type el[F4E1 and 9DEL-eIF4E1 interact
with 2b (Figure 1), but only the 9DEL variant attenuated its RSS activity, as evidenced by
reduced GFP fluorescence and protein levels when co-expressed with 2b (Figure 4b, c).
Although the differences were not statistically significant, the consistent suppression of 2b
protein accumulation and GFP expression in the presence of 9DEL-elF4E1 (Figure 4 b,
¢), indicating partial suppression of RSS activity of 2b. In contrast, wild-type elF4E1 had
a minimal effect on 2b RSS activity (Figure 4b). Quantitative analysis confirmed that
fluorescence intensity was significantly reduced in the 9DEL combination compared to 2b
alone (Figure 4b), although the reduction was not statistically different from the wild-type
elF4E1 combination (Tukey’s HSD, p = 0.313). Such suppression could diminish the
ability of 2b to accumulate siRNAs and inhibit AGO1, partially restoring the host’s
antiviral RNAi defense (Zhang et al., 2006; Lewsey et al., 2010). Western blot analysis
further revealed that 2b protein levels were lower in the presence of 9DEL-elF4E1 (Figure
4c), suggesting possible post-translational degradation or destabilization of 2b. While

mRNA levels of GFP, 2b, and elF4E1 showed no significant changes across treatments
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(Figures 4d—f), the reduction of GFP and 2b protein implies that 9DEL-eIF4E1 acts post-
translationally to suppress 2b activity and viral protein accumulation. This aligns with
earlier findings indicating that 2b stability and function can be influenced by host factors

(Nakahara et al., 2012; Shukla et al., 2022).

To assess whether this interference affected CMV systemic infection, I inoculated wild-
type ‘S8 and 9DEL tomato plants with CMV-Y, CMVA2b (mutant lacking 2b), and
CMV2bAC (C-terminally truncated 2b mutant). As expected, CMVA2b failed to accumulate
systemically in both plant genotypes (Figure 5a), confirming the essential role of 2b in
systemic infection (Lewsey et al., 2009; Zhou et al., 2014; Khaing et al., 2020b).
However, 9DEL plants inoculated with CMV-Y or CMV2bAC showed reduced viral
accumulation compared to wild-type ‘S8’ plants, suggesting that 9DEL-elF4E1 impairs,
but does not completely inhibit, 2b-dependent CMV infection. Further, when compared
with a susceptible tomato cultivar ‘Moneymaker,” 9DEL plants showed significantly lower
CMV accumulation (Figure 5b), further supporting a protective role of 9DEL-elF4EI

against CMV.

These findings suggest that 9DEL-elF4E1 contributes to partial CMV resistance by
inhibiting 2b’s RSS function and possibly other virulence-associated activities. Beyond
silencing suppression, 2b is known to interfere with hormonal defense signaling (Wu et
al., 2017; Ji et al., 2021) and autophagy-related antiviral responses (Jeon et al., 2017;
Shukla et al., 2022), which may also be indirectly affected by 9DEL binding. The results
support a model in which the 9DEL-elF4E1 protein, though structurally competent for 2b
binding, interferes with its functions essential for CMV infection. Such mechanisms have

been observed in artificial resistance alleles of eIF4E conferring broad resistance to
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potyviruses (Charron et al., 2008; Piron et al., 2010; Bastet et al., 2018). This supports
a novel antiviral mechanism distinct from classical recessive resistance and highlights the
potential of in-frame genome editing as a targeted strategy for developing viral resistance

in crops.
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GENERAL DISCUSSION

Developing sustainable viral resistant crops remains a key objective in modern plant
biotechnology. Among the resistance mechanisms explored, the modification of host
susceptibility genes, particularly elF4E and its isoforms, has emerged as a central strategy.
Natural mutations in elF4E and translation-related factors account for nearly half of all
known virus resistance sources in plants (Zlobin and Taranov, 2023), typically
functioning through loss-of-function alleles that prevent viral exploitation of host
machinery. In CMV, a well-documented example includes the elF4E mutant in
Arabidopsis, which confers resistance by preventing the virus from interacting with the
host factor (Yoshii et al., 2004; Zhou et al., 2014; Gao et al., 2018; Zhao et al., 2018;
Shukla et al., 2022; Yoon et al., 2020; Yu et al., 2020). However, in a previous study by
Atarashi et al. (2020), the 9DEL-elF4E1 allele, created via CRISPR/Cas-editing, contains
a precise 9-nucleotide in-frame deletion that translates protein from the entire open reading
frame of eI[F4E1 confers CMV resistance through a gain-of-function mechanism. The //NS
frameshift mutant that seems to be a complete loss of eIF4E1 function, does not affect the
susceptibility to CMV (Atarashi et al., 2020). 9DEL-eIF4E1 appears to confer resistance
arise from 9DEL-eIF4E1’s ability to interfere with the activity of CMV 2b, a key viral

suppressor of RNA silencing.

The findings demonstrated that 9DEL-eIF4E1 binds to CMV 2b, with interaction affinity
comparable to wild-type elF4E1l, as confirmed through yeast two-hybrid and split-
luciferase assays (Figure 1 & 2). However, only 9DEL-elF4E1 was associated with a
reduction in 2b function, as indicated by decreased RNA silencing suppressor (RSS)

activity (Figure 5) and lower systemic CMV accumulation in tomato (Figure 6). These
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results support the notion that resistance arises not from altered binding capacity but from
downstream functional interference, potentially via conformational modification or
disruption of 2b’s ability to interfere with the host silencing mechanism. A proposed model
of this resistance mechanism is illustrated in Figure 7, showing the importance of 2b in
systemic infection of CMV in tomato, and the disruption of 2b’s activity by 9DEL-elF4E1,

resulting in partial resistance.

This interpretation aligns with the broader functional complexity of CMV 2b, which acts
not only as an RSS protein but also as a suppressor of salicylic acid and jasmonic acid
hormonal signaling and an antagonist of autophagy-related antiviral responses (Lewsey et
al., 2009; Wu et al., 2017; Ji et al., 2021; Arinaitwe et al., 2023; Crawshaw et al., 2024;
Zhang et al., 2024; Jeon et al., 2017; Shukla et al., 2022; Tong et al., 2023; Nakahara
et al., 2012; Yang et al., 2020). Therefore, the 9DEL mutation may disrupt not only RNAi
suppression but also multiple 2b-mediated host manipulations. Notably, this study
contributes to the expanding evidence that in-frame modifications can produce alleles with
superior and novel resistance properties. For example, specific amino acid changes in
elF4E have been shown to confer broader potyvirus resistance than complete knockouts
(Charron et al., 2008; Piron et al., 2010; Poulicard et al., 2016; Nekrasov et al., 2017;
Bastet et al., 2018). A similar trend has been observed for powdery mildew resistance in
MLO genes (Nekrasov et al., 2017). strategic advancement, shifting from traditional loss-
of-function approaches to the functional editing of host factors that antagonize viral
effector activity.

In conclusion, 9DEL-eIF4E1 defines a novel resistance mechanism in which a structurally

functional host protein inhibits a viral suppressor through editing, mutation-specific effect.
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This finding not only clarifies the molecular basis of CMV resistance in 9DEL tomato but
also highlights the potential of precise gain-of-function alleles as a targeted strategy for

developing durable antiviral resistance.
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Figure 7: Proposed mechanism of 9DFEL-mediated CMV resistance. The diagram
illustrates a potential mechanism for CMV resistance in CRISPR/Cas9-edited 9DEL
tomato plants. CMVA2b (lacking 2b) fails to establish systemic infection, highlighting the
essential role of 2b in CMV systemic infection in tomato plants. CMV requires its 2b
protein to suppress host RNA silencing and enable systemic infection. In wild-type plants,
2b interacts with elF4El to promote viral spread, resulting in susceptibility. In 9DEL
plants, although 2b still binds to the mutant 9DEL-elF4E1, this interaction inhibits 2b’s

RNA silencing suppressor activity, reducing viral systemic infection and leading to partial

resistance.
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SUMMARY
Plant viruses, such as the cucumber mosaic virus (CMV) pose major threats to global
agriculture by infecting a wide range of economically important crops, including tomato.
CMYV 2b is a multifunctional protein known to suppress host RNA silencing, interferes with
plant defense pathways, and enhances viral virulence. Eukaryotic translation initiation
factor 4E1 (elF4E1l) is a known susceptibility factor commonly interfering with VPg
proteins of potyviruses, and its mutations have been widely associated with virus resistance

in crops.

This study investigated the molecular basis of CMV resistance in a genome-edited tomato
line (9DEL) harboring a 9-nucleotide in-frame deletion in elF4E1. Initial protein-protein
interaction assays using yeast two-hybrid demonstrated that both wild-type elF4E1 and
9DEL-eIF4E1 interact with CMV 2b, but not with other viral proteins such as coat or
movement proteins. Yeast two-hybrid and split-luciferase complementation assays
confirmed this interaction, and subcellular co-localization revealed overlapping signals
between 2b and both eIF4E1 variants in the cytoplasm and nucleus. This is the first report

demonstrating the eI[F4E1 and CMV 2b interaction.

Despite similar binding affinity, only 9DEL-elF4E1 attenuated the RNA silencing
suppressor (RSS) activity of 2b in GFP co-expression assays. In these assays, co-expression
of 2b with 9DEL-eIF4E1 led to a noticeable reduction in GFP fluorescence compared to
co-expression with wild-type eIlF4E1, indicating that 9DEL-elF4E1 interferes with 2b’s
ability to suppress RNA silencing. Western blot analysis further confirmed that 2b protein
levels were lower when co-expressed with 9DEL-eIF4E1, suggesting that 9DEL-elF4E1

may destabilize 2b at the post-translational level. Importantly, qRT-PCR showed no
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significant differences in the mRNA levels of GFP, 2b, or eIF4E1 between treatments,
thereby excluding transcriptional effects and supporting a model in which 9DEL-elF4E1

post-translationally impairs 2b function, ultimately reducing its RSS activity.

Inoculation experiments further validated the functional significance of this interaction.
CMV lacking 2b failed to establish systemic infection in both wild-type and 9DEL plants,
underscoring the essentiality of 2b in CMV virulence in tomato. Importantly, CMV-Y and
its C-terminal truncated 2b mutant accumulated less efficiently in 9DEL plants compared
to wild-type or susceptible controls, suggesting that 9DEL confers partial resistance by

impairing 2b-dependent systemic infection.

Collectively, this study provides the first evidence that eIF4E1 physically interacts with
CMV 2b and that 9DEL-eIF4E1 mutant allele attenuates 2b function. This resistance
mechanism does not rely on complete loss of susceptibility, but a gain-of-function that
interferes with viral RSS activity. The findings expand the antiviral role of eIF4E1 beyond
its known interaction with VPg and propose a novel resistance strategy, precise in-frame
genome editing of host factors to target viral suppressors, offering a promising direction

for sustainable resistance breeding.
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