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Abstract

, Xiaoxue Huan?', Xiugi Mu®', Qing Zhu?, Shaoyan Jiang?, Xujie Sun?, Yanping Tian?,

Tobacco mosaic virus (TMV; genus Tobamovirus) is one of the most prevailing pathogens that seriously affects

the quality and yield of tobacco (Nicotiana tabacum) leaves. Cross-protection using mild strains is a potential strategy
for the biological prevention of plant viral diseases. Complementary mutations in attenuated strains may cause atten-
uated ones to suddenly evolve into virulent strains, which limits the application of cross-protection in practice. To data
there has been no study on engineering the complementary mutation sites to generate stable attenuated mutants
for cross-protection. In this study, we found that the substitution of the conserved arginine at position 88 (R®) in p126
protein with alanine (A) abolished the cell-to-cell movement and reduced the replication of TMV. However, a sponta-
neous complementary mutation of serine at position 114 (S'') to lysine (K) in p126 restored TMV virulence. Substitu-
tion of S""* with Rin p126 restored the systemic infection but not the virulence of TMV, therefore, the mutant TMV-
R88A/S114R was an attenuated one. Furthermore, our results showed that TMV-R88A/S114R was a stable attenuated
mutant, and could effectively protect tobacco plants against the wild-type TMV infection. This study reports a promis-
ing TMV mild mutant for cross-protection in tobacco plants by modifying the complementary mutation site in p126.
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Background

Tobacco (Nicotiana tabacum) is an economically impor-
tant crop grown worldwide (Song et al. 2018). However,
tobacco production is affected seriously by viral diseases
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(Scholthof et al. 2011; Jones 2021). Tobacco mosaic virus
(TMYV, genus Tobamovirus) causes mosaic and deforma-
tion symptoms, which seriously threatens the quality of
tobacco leaves (Ellis et al. 2020), and has been considered
as a limiting factor for tobacco production (Zheng et al.
2013; Ye et al. 2022).

TMYV, possesses a single-stranded RNA genome. Its
genome is approximately 6.5kb long and encodes at
least four proteins, including 183kDa (p183), 126kDa
(p126), movement protein (MP), and coat protein (CP)
(Saito et al. 1987). TMV p126 includes a helicase (HEL)
domain, two non-conserved regions (NONI and NONII),
and an N-terminal methyltransferase (MET) domain
(Shintaku et al. 1996; Ding et al. 2004). These domains of
p126 play essential roles in viral replication and move-
ment (Lewandowski and Dawson 2000; Hirashima and
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Watanabe 2001), and in counteracting the host RNA
silencing defense mechanisms (Ding et al. 2004). Spe-
cific amino acids critical for p126 functions and TMV
virulence have been identified. Mutation of serine (S)
at position 643 to phenylalanine (F) in p126 inhibited
the replication but not the cell-to-cell movement of the
TMYV Ul strain (Lewandowski and Dawson 1993). A sin-
gle amino acid substitution of lysine (K) at position 669
with arginine (R) affected the RNA silencing suppression
activity of p126 (Wang et al. 2012). Mutation of glutamic
acid (E) at position 601 to K in p126 attenuated the vir-
ulence of the TMV-U1 strain (Bao et al. 1996; Shintaku
et al. 1996). Therefore, p126 is an important target for
screening attenuated TMV mutants.

The cross-protection phenomenon was first discovered
in 1929 (McKinney 1929). RNA silencing and superinfec-
tion-exclusion are common explanations of cross-protec-
tion (Voinnet 2001; Folimonova et al. 2010; Folimonova
2013; Sanfagon 2015). Although the exact mechanism
of cross-protection remains obscure, it has been applied
in controlling several plant viral diseases (Folimonova
2013; Agiiero et al. 2018). Natural or artificial symptom-
less TMV mutants have been isolated and used to con-
trol TMV via cross-protection (Holmes 1934; Rast 1972,
1975; Yang et al. 2001). Obtaining genetically stable and
attenuated mutants is a prerequisite for the application
of cross protection (Ziebell and MacDiarmid 2017; Pech-
inger et al. 2019; Raja et al. 2022). However, the error-
prone nature of RNA viruses will continually introduce
mutation to their genomes (Reanney 1982; Garcia-arenal
et al. 1984), in which process some attenuated strains may
become virulent strains. For examples, a spontaneous

(See figure on next page.)
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reverse mutation of R at position 528 to histidine (H)
in p126 increased the virulence of the attenuated strain
TMV V-69 (Snegireva et al. 2005); a spontaneous com-
plementary mutation of glycine (G) at position 440 to R
in helper component-proteinase (HC-Pro) rescued the
virulence of the attenuated mutant of sugarcane mosaic
virus (SCMV) (Xu et al. 2020). Therefore, producing sta-
ble attenuated mutants is a challenge for the application
of cross-protection in controlling plant viral diseases.

In this study, we investigated the variability in prog-
eny viruses of a movement-defective TMV mutant with
a mutation in the conserved residue in p126, and found
that a spontaneous complementary mutation could
restore its virulence. Then, we developed a stable attenu-
ated TMV mutant by engineering the complementary
mutation site and evaluated its cross-protective poten-
tial in tobacco plants. This study provides an insight
on the development of stable attenuated mutants for
cross-protection.

Results

Mutation of the highly conserved R® residue in p126
abolished the systemic movement of TMV in tobacco
plants

The conserved regions in viral genomes often play impor-
tant roles in the virulence and symptom development
of viruses (Xu et al. 2021; Murai et al. 2022). To screen
the highly conserved residues in tobamoviral p126s, the
amino acid sequences of 17 tobamoviruses were aligned.
Results showed that the amino acid arginine at position
88 (R®®) of TMV p126 was highly conserved (Fig. 1a, b).

Fig. 1 Effect of the conserved arginine at position 88 (R®) mutation inp126 on tobacco mosaic virus virulence. a Schematic representation of TMV
genome, showing R® and serine at position 114 (S''%) in TMV p126. p126 contains four domains, including the N-terminal methyltransferase (MET)
domain, two non-conserved regions (NONI and NONII) domains, and one helicase (HEL) domain. b Alignment of the partial amino acid sequences

of 17 tobamovirus p126s using the BioEdit program version 7.2.5. The highly conserved

R% and the less-conserved S''*in TMV p126 were pointed

by the red triangles. The analysis was performed with the p126 sequences of TMV (GenBank accession: MH595921), tomato brown rugose fruit
virus (ToBRFV, GenBank accession: MT018320), tomato mosaic virus (ToMV, GenBank accession: NC_002692), cucumber green mottle mosaic virus
(CGMMYV, GenBank accession: NC_001801), brugmansia mild mottle virus (BrMMV, GenBank accession: NC_010944), kyuri green mottle mosaic
virus (KGMMV, GenBank accession: NC_003610), obuda pepper virus (ObPV, GenBank accession: NC_003852), odontoglossum ringspot virus
(ORSV, GenBank accession: NC_001728), paprika mild mottle virus (PaMMV, GenBank accession: NC_004106), pepper mild mottle virus (PMMoV,
GenBank accession: NC_003630), rehmannia mosaic virus (ReMV, GenBank accession: NC_009041), ribgrass mosaic virus (RMV, GenBank accession:
JQ319720), streptocarpus flower break virus (SFBV, GenBank accession: NC_008365), tobacco mild green mosaic virus (TMGMV, GenBank accession:
NC_001556), turnip vein-clearing virus (TVCV, GenBank accession: NC_001873), wasabi mottle virus (WMoV, GenBank accession: NC_003355)

and zucchini green mottle mosaic virus (ZGMMV, GenBank accession: NC_003878). ¢ Symptoms of Nicotiana tabacum (tobacco) plants infected
with the wild-type TMV and its mutant at 15 days post-agroinfiltration (dpai). Mock, tobacco plants inoculated with the empty vector pCB301-Rz.
TMV, tobacco plants infected with the wild-type TMV. TMV-R88A, the residue of R® was substituted with alanine (A) in p126 protein of TMV-R88A
mutant. The inoculated (i) and upper (systemic, s) leaves of tobacco plants were pointed by white arrows. d Western blotting analysis of the wild
type and mutant TMV CP accumulation levels in the inoculated (i) and upper (systemic, s) leaves at 15 dpai. The sample loadings were shown

with the ponceau S staining (PSS). Band intensities were measured using the ImageJ software. Numbers indicated TMV CP accumulation levels
normalized to PSS staining. e The sequencing result of p126 RT-PCR products from the inoculated (i) leaves infected with TMV and TMV-R88A
mutant. The sites of point mutations in p126 were underlined and the corresponding amino acid residues were indicated. The experiments were

repeated three times
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Fig. 1 (Seelegend on previous page.)

To explore the role of R® residue in regulating TMV
virulence, we performed site-directed mutagenesis using
primers listed in Additional file 1: Table S1, and obtained
a TMV mutant plasmid named pTMV-R88A. This plas-
mid was transformed into Agrobacterium tumefaciens
and inoculated to the lower fully expanded leaves of
tobacco plants. The corresponding amino acid of R% was
alanine (A) in p126 derived from the progeny of TMV-
R88A mutant. At 15days post-agroinfiltration (dpai),
the upper non-inoculated (systemic) leaves of tobacco
plants infected with the wild-type TMYV displayed typical
mosaic symptoms. However, the upper leaves of tobacco
plants inoculated with pTMV-R88A did not show any
symptoms (Fig. 1c). Western blotting results showed that

the CP accumulation levels of TMV-R88A were about 7%
of the wild type TMV in the inoculated (i) tobacco leaves,
but CP was not detected in the upper (systemic, s) leaves
of pPTMV-R88A-inoculated tobacco plants (Fig. 1d). The
p126-encoding sequences of TMV progeny from pTMV-
inoculated and pTMV-R88A-inoculated tobacco leaves
were individually sequenced at 15 dpai. Results showed
that only CGA (codon for R*®) was replaced by GCA
(codon for A) in the p126 coding sequence of TMV-R88A
mutant progeny, compared with wild type TMV progeny
(Fig. le). These results showed that the mutation of the
highly conserved residue R® in p126 to A reduced the
accumulation levels of TMV RNA and abolished the sys-
temic movement of TMV in tobacco plants.
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A spontaneous complementary mutation of S''* to K

in p126 restored the virulence of TMV

At 40 dpai, all the tobacco plants infected with wild type
TMV showed severe mosaic symptoms. We noticed
that 3 of 14 tobacco plants inoculated with pTMV-
R88A displayed obvious mosaic symptoms in the upper
leaves (Fig. 2a). Western blotting analysis confirmed the
presence of CP in the upper leaves of tobacco plants
inoculated with pTMV-R88A (Fig. 2b). To explore the
possible reasons for the virulence restoration of TMV-
R88A mutant, we sequenced and aligned the full-length
coding sequences of TMV-R88A progeny in the upper
leaves of these three tobacco plants. The results showed
that TCG (the codon for S at position 114 (S'%) sponta-
neously mutated to AAG (codon for K) in the p126 cod-
ing sequence of TMV-R88A mutant progeny from these
three tobacco plants (Fig. 2¢; Additional file 1: Table S2).
To explore whether the spontaneous mutation of S!*
to K occurred in the inoculated (i) leaves or upper (sys-
temic, s) leaves, we sequenced the p126 coding sequence
of TMV-R88A mutant progeny in these leaves. We found
that the codon of the amino acid at position 114 of p126
in the upper leaves of pTMV-R88A-inoculated plants
was only AAG (codon for K'%), while the codons of
the amino acid at position 114 of p126 in pTMV-R88A-
inoculated leaves were TCG (codon for S''%) and AAG
(codon for K!'*) (Fig. 2d), indicating that the mutation of
S'* to K occurred in pTMV-R88A-inoculated leaves and
only the variant containing K'** could move to the upper
leaves.

To elucidate whether the mutation of S'* to K was
responsible for the virulence restoration of TMV-R88A
mutant, we constructed mutated plasmids pTMV-S114K
and pTMV-R88A/S114K using primers listed in Addi-
tional file 1: Table S1. At 15 dpai, the systemically infected

(See figure on next page.)
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leaves of tobacco plants inoculated with pTMV-S114K
and pTMV-R88A/S114K showed severe mosaic symp-
toms, similar to those inoculated with pTMYV, while, as
described above, TMV-R88A did not induce any symp-
toms in the upper leaves (Fig. 2e). Results of reverse tran-
scription quantitative PCR (RT-qPCR) showed that the
CP RNA accumulation levels of TMV and TMV-S114K
in systemically infected leaves were at similar levels
(Fig. 2f), indicating that the mutation of $'* to K alone
did not affect TMV replication. TMV CP RNA was not
detected in the upper leaves of pTMV-R88A-inoculated
plants, but the CP RNA accumulation levels of TMV-
R88A/S114K in systemically infected tobacco leaves
were at the similar level with those of the wild type TMV
(Fig. 2f), indicating that the mutation of $"* to K restored
the replication level and rescued the movement defect
of TMV-R88A mutant. Western blotting results showed
that the CP accumulation levels of TMV, TMV-§114K,
and TMV-R88A/S114K were also at a similar level, while
CP was not detected in the upper leaves of tobacco plants
inoculated with pTMV-R88A at 15 dpai (Fig. 2g).

Taken together, these results indicated that the sponta-
neous mutation of TCG (codon for $'*%) to AAG (codon
for K''*) was a complementary mutation that could
restore the replication and rescue the virulence of TMV.

Mutation of S''* to K or R, but not H, rescued

the cell-to-cell movement and replication of TMV

The net charge of a viral protein has been reported to
be critical for some viruses to maintain their virulence
(Kimalov et al. 2004; Chiang et al. 2007; Cong et al. 2019).
The spontaneous complementary mutation of TMV-
R88A was from the neutral amino acid S$'** to positively-
charged K''*, which restored the net charge of TMV
p126. To investigate the effect of the substitution of the

Fig. 2 The spontaneous mutation of S''*to lysine (K) restored the virulence of TMV. a Symptoms caused by wild type and mutant TMV in tobacco
plants at 40 dpai. Mock, tobacco plants mock-inoculated with the empty vector pCB301-Rz. TMV, tobacco plants infected the with wild-type TMV.
TMV-R88A, it tobacco plants infected with the evolved variant of TMV-R88A mutant. The inoculated (i) and upper (systemic, s) leaves of tobacco
plants were pointed by white arrows. The numbers of symptomatic/inoculated tobacco plants were listed in brackets. b Western blotting analysis
of the wild type and mutant TMV CP accumulation levels in the upper leaves at 40 dpai. The sample loadings were shown with the ponceau S
staining (PSS). ¢ Alignment of partial nucleotide sequences of the wild-type TMV and the evolved variant of TMV-R88A mutant using the DNAMAN
program version 7.0. The sites of point mutations in p126 were underlined and the corresponding amino acid residues were indicated. d The
sequencing result of p126 RT-PCR products from the inoculated (i) and upper (systemic, s) leaves infected with the evolved variant of TMV-R88A
mutant. The sites of point mutations in p126 were underlined and the corresponding amino acid residues were indicated. e Symptoms caused

by the wild type TMV and its mutants in tobacco plants at 15 dpai. Mock, tobacco plants mock-inoculated with the empty vector pCB301-Rz.

TMV, tobacco plants infected with the wild-type TMV. TMV-R88A, the residue of R® was substituted with A in p126 protein of TMV-R88A mutant.
TMV-S114K, the residue of S"'* was substituted with K in p126 protein of TMV-S114K mutant. TMV-R88A-5114K, R® was substituted with A, and S
was substituted with Kin TMV p126. f RT-gPCR analysis of TMV and mutants CP RNA accumulation levels in tobacco upper leaves at 15 dpai. The
bar graphs represent the means + standard deviations of three replicates. Statistically significant differences between means were determined

by employing Tukey multiple range test for between-group comparisons. Different letters indicate significant differences (P <0.05). g Western
blotting analysis of the wild type and mutant TMV CP accumulation levels in tobacco upper leaves at 15 dpai. Band intensities were measured using
the ImageJ software. Numbers indicated TMV CP accumulation levels normalized to PSS staining
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neutral amino acid S''* with positively-charged R or H

on the virulence of TMV-R88A, we generated plasmids
pTMV-R88A/S114R and pTMV-R88A/S114H. These
plasmids contain mutations in the codon for S!* residue
of p126, resulting in an amino acid change to either R or
H in the progeny viruses. At 15 dpai, TMV and TMV-
R88A/S114K induced severe mosaic symptoms in the
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upper leaves, however, the upper leaves of tobacco plants
inoculated with pTMV-R88A, pTMV-R88A/S114R,
and pTMV-R88A/S114H were asymptomatic (Fig. 3a).
Results of RT-qPCR showed that, same as the case of
TMV-R88A, the p126 RNA levels of TMV-R88A/S114H
were not detected in upper leaves (Additional file 2: Fig-
ure S1), indicating that the mutation of $!* to H did not
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Fig. 3 The mutation of S''“to K or R rescued the cell-to-cell movement and replication of attenuated TMV. a Symptoms caused by the wild type
TMV and its mutants in tobacco plants at 15 dpai. Mock, tobacco plants mock-inoculated with the empty vector pCB301-Rz. TMV, tobacco plants
infected with the wild-type TMV. TMV-R88A, the residue of R was substituted with A in p126 protein of TMV-R88A mutant. TMV-R88A-5114K, R%
was substituted with A, and S'* was substituted with Kin TMV p126. TMV-R88A-S114R, R® was substituted with A, and S''* was substituted with R
in TMV p126. TMV-R88A-S114H, R® was substituted with A, and S'"* was substituted with H in TMV p126. b Western blotting analysis of the wild
type and mutant TMV CP accumulation levels in tobacco upper leaves at 15 dpai. Band intensities were measured using the ImageJ software.
Numbers indicated TMV CP accumulation levels normalized to PSS staining. ¢ Cell-to-cell movement of TMV-GFP and its four mutants in N.
benthamiana leaves at 60 h post agroinfiltration (hpai). Confocal micrographs of N. benthamiana leave cells were taken at 60 hpai. The values are
presented as means =+ standard deviations from 30 infection foci per treatment. d The number of N. benthamiana leave cells infected with TMV-GFP
and its four mutants. The values were presented as means + standard deviations from 15 infection foci per treatment. e The relative accumulation
levels of TMV CP (—) RNA in tobacco leaf protoplasts infected with TMV and its four mutants at 18 h post transfection. Statistically significant
differences between means were determined by employing Tukey multiple range test for between-group comparisons. Different letters indicate

significant differences (P < 0.05)

rescue the systemic infection of TMV-R88A mutant. The
p126 RNA accumulation levels of TMV-R88A/S114R
in upper leaves were significantly lower than those of
TMV and TMV-R88A/S114K (Additional file 2: Figure
S1), indicating that the mutation of S14 6 R rescued the
systemic infection but not the RNA accumulation levels
of TMV-R88A mutant. Western blotting results showed
that the CP accumulation levels of TMV-R88A/S114R
were substantially lower than those of TMV and TMV-
R88A/S114K, while TMV-R88A and TMV-R88A/S114H
were not detected in the upper leaves (Fig. 3b). These

results indicated that the net charge of p126 was not
responsible for TMV virulence.

To investigate the effects of amino acid residues R%®
and S''* in p126 on the cell-to-cell movement of TMYV,
we constructed mutated plasmids pTMV-GFP-R88A,
pIMV-GFP-R88A/S114K, pTMV-GFP-R88A/S114R, and
pTMV-GFP-R88A/S114H using primers listed in Addi-
tional file 1: Table S1. The Agrobacterium cultures car-
rying these plasmids were diluted to ODg,,=0.0001 and
individually infiltrated into N. benthamiana leaves. GEP
fluorescence from TMV-GFP was observed in clusters
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of multiple cells at 60h post agroinfiltration (hpai). GFP
fluorescence from TMV-GFP-R88A was confined to
single leaf cells (Fig. 3c, d), indicating that R® was crucial
for TMV cell-to-cell movement. However, the GFP fluo-
rescence from TMV-GFP-R88A/S114K and pTMV-GFP-
R88A/S114R, but not pTMV-GFP-R88A/S114H, spread
across multiple adjacent cells (Fig. 3¢, d), indicating that
the mutation of $''* to K or R, but not H, restored the
cell-to-cell movement of TMV. To confirm the possible
role of R% and S!'* in TMV replication, we conducted
protoplast transfection assays. Protoplasts were isolated
from tobacco leaves and then separately transfected
with pTMV, pTMV-R88A, pTMV-R88A/S114K, pTMV-
R88A/S114R, and pTMV-R88A/S114H. RT-qPCR was
performed to monitor viral (=) RNA accumulation in
protoplasts at 18 h post transfection. The viral (—) RNA
accumulation levels of TMV-R88A/S114R were signifi-
cantly higher than those of TMV-R88A and TMV-R88A/
S114H (P<0.05), but were significantly lower than those
of TMV and TMV-R88A/S114K (P<0.05, Fig. 3e).

These findings indicated that the mutation of R* to
A in p126 abolished TMV cell-to-cell movement and
reduced its replication, but the complementary muta-
tion of S!* to K or R could partially or completely rescue
these functions of TMV p126. Furthermore, TMV-R88A/
S114R mutant was an attenuated mutant that could sys-
temically infect tobacco plants.

Attenuated mutant TMV-R88A/S114R was stable and could
protect tobacco plants against the infection of wild type
T™MV

At 70 dpai, tobacco plants infected with TMV exhibited
severe mosaic and deformation symptoms. However, all
the tobacco plants infected with TMV-R88A/S114R did
not show any noticeable symptoms in the upper leaves
(Fig. 4a). The sequencing results of the pl126-coding
sequences derived from TMV-R88A/S114R progeny in
systemically infected tobacco leaves revealed that no
recovery mutation occurred at 70 dpai (Fig. 4b). Western
blotting results showed that the CP accumulation levels
of TMV-R88A/S114R decreased by about 68% for TMV
in tobacco upper leaves (Fig. 4c).

To test the genetic stability of TMV-R88A/S114R
mutant, serial passages of progeny viruses from infected
plants to healthy tobacco plants was performed at
a 20-day interval. All the tobacco plants infected
with TMV-R88A/S114R mutant did not induce vis-
ible symptoms during four serial passages (Fig. 4d). The
p126-encoding sequences of TMV-R88A/S114R progeny
were sequenced in tobacco plants after four serial pas-
sages. The sequencing results indicated that TMV-R88A/
S114R were genetically stable in tobacco plants during
four serial passages (Fig. 4e). All these results suggested
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that TMV-R88A/S114R mutant had the potential in
cross-protection.

To assess the cross-protection efficacy of TMV-R88A/
S114R mutant, we pre-inoculated tobacco plants with
TMV-R88A/S114R mutant (Additional file 2: Figure S2).
At 7- or 14-day protection intervals, the first fully
expanded leaves of the tobacco plants were mechani-
cally inoculated with the wild-type TMV. At 20days
post-challenge inoculation, the non-protected plants
and the plants protected 7days by TMV-R88A/S114R
exhibited leaf distortion and mosaic symptoms, while
the tobacco plants protected 14days by TMV-R88A/
S$114R showed no symptom in the upper leaves (Fig. 4f).
Western blotting results showed that the CP accumula-
tion levels in TMV-R88A/S114R-protected plants with a
14-day protection interval were notably lower than those
in the non-protected plants and TMV-R88A/S114R-pro-
tected plants with a 7-day protection interval (Fig. 4g).
At 20days post-challenge inoculation, the p126-coding
sequences of TMV progeny in the top leaves of TMV-
R88A/S114R-protected tobacco plants with a 14-day pro-
tection interval were determined. The sequencing results
showed that the codons of the amino acids at positions
88 and 114 were GCA (codon for A®) and CGA (codon
for R*), respectively (Fig. 4h), indicating TMV was com-
pletely excluded by TMV-R88A/S114R mutant with an
interval of 14 days.

Discussion
In this study we found that the mutation of the conserved
R® in p126 to A abolished TMV movement and reduced
its replication. However, a complementary mutation of
S!% to K rescued TMV virulence and accumulation
levels. We obtained an attenuated mutant TMV-R88A/
S114R by substituting the complementary mutation
site of $'* with R. Mutant TMV-R88A/S114R did not
induce any symptoms in tobacco plants even at 70 dpai
and could provide effective protection against the wild-
type TMV infection with a 14-day protection interval.
Therefore, it is feasible to construct promising attenuated
strains by engineering the complementary mutation sites.
TMV p126 is a multifunctional protein and an impor-
tant target for screening attenuated TMV mutants. The
functions of the p126 HEL domain are to hydrolyze ATP
and unwind RNA duplexes to promote viral replication
(Goregaoker et al. 2001; Goregaoker and Culver 2003).
The p126 NONI and NONII domains function in virus
replication and symptom development (Bao et al. 1996;
Shintaku et al. 1996). Mutation of S at position 643 in
the NONII domain of p126 to F affected the replication
of the TMV-UI strain (Lewandowski and Dawson 1993).
The MET, NONII, and HEL domains of p126 are involved
in the suppression activity of RNA silencing (Ding et al.
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Fig. 4 Attenuated mutant TMV-R88A/S114R was stable and could protect tobacco plants against the wild type TMV infection. a Symptoms

of TMV and TMV-R88A/S114R mutant in tobacco plants at 70 dpai. The images represented at least 13 tobacco plants. b The sequencing result
of p126 RT-PCR products from the upper leaves infected with TMV-R88A/S114R mutant. The sites of point mutations in p126 were underlined
and the corresponding amino acid residues were indicated. ¢ Western blotting analysis of TMV and TMV-R88A/S114R mutant CP accumulation
levels in tobacco leaves at 70 dpai. The sample loadings were shown with PSS. Band intensities were measured using the ImageJ software.
Numbers indicated TMV CP accumulation levels normalized to PSS staining. d Symptoms of tobacco plants infected with TMV-R88A/S114R
mutant during four serial passages at a 20-day interval. The images represented at least 12 tobacco plants. e The sequencing results of p126
RT-PCR products from the upper leaves infected with TMV-R88A/S114R mutant after four serial passages. The sites of point mutations in p126
were underlined and the corresponding amino acid residues were indicated. f Symptoms of tobacco plants challenged with the wild-type TMV
at 20days post-challenge inoculation with intervals of 7 or 14 dpi. Mock, tobacco plants were mock-inoculated with phosphate-buffered saline.
Non-protected, tobacco plants inoculated with the empty vector pCB301-Rz. g Western blotting analysis of the CP accumulation levels in tobacco
top leaves challenged with the wild-type TMV at 20days post-challenge inoculation. Band intensities were measured using the ImageJ software.
Numbers indicated TMV CP accumulation levels normalized to PSS staining. h With the interval of 14 days, the sequencing results of p126 RT-PCR
products from the top leaves of tobacco plants protected by TMV-R88A/S114R mutant at 20days post-challenge inoculation. The sites of point
mutations in p126 were underlined and the corresponding amino acid residues were indicated
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2004; Wang et al. 2012). Viral suppressors of RNA silenc-
ing are potential candidates for screening attenuated
mutants. Substitution of R in the conserved FRNK motif
of HC-Pro with I could reduce the virulence of tobacco
vein banding mosaic virus (TVBMYV), zucchini yellow
mosaic virus (ZYMYV), and turnip mosaic virus (TuMV)
(Wu et al. 2010; Gao et al. 2012; Kung et al. 2014). The
p126 MET domain also plays a vital role in viral cell-to-
cell movement and interacts with the translation elonga-
tion factor 1A (Knapp et al. 2005; Yamaji et al. 2006). A
spontaneous mutation of amino acid leucine (L) at posi-
tion 11 in the p126 MET domain to A attenuated the
symptoms of tomato mosaic virus in tobacco and tomato
plants (Oshima et al., 1965). In this study, we found that
the mutation of R® to A in p126 MET domain reduced
the replication levels of TMV. The mutant TMV-R88A
could not be detected from the non-inoculated upper
leaves of tobacco plants, but could be detected from the
inoculated areas (Fig. 1d and Additional file 2: Figure S3),
indicating that this mutant was viable. Microscopy obser-
vation results indicated that the mutant TMV-R88A
could not move from cell to cell (Fig. 3c). Therefore, we
concluded that the mutation of R® to A in p126 MET
domain abolished TMV cell-to-cell movement, thus
abolished the systemic movement of TMV.

RNA viral polymerases lack proofreading and repair
activity, resulting in high mutation rates (Scheel et al.
2013). Conserved regions of virus genomes are usually
responsible for determining virus virulence (Yoon et al.
2006; Liu et al. 2020). The substitution of the conserved
cysteine (C) at positions 57 or 60 in the zinc finger-
like motif of HC-Pro with A significantly reduced the
virulence of SCMV (Xu et al. 2021). Some mutations
occurred in the variable region resulting in progeny
with enhanced competitiveness (Torres-Barcel6 et al.
2008; Haikonen et al. 2013; Ambroés et al. 2018). The
mutation of R in the conserved FRNK motif of HC-Pro
to I reduced SCMV virulence. However, a spontane-
ous complementary mutation of the non-conserved G
at position 440 to R in HC-Pro rescued SCMV viru-
lence (Xu et al. 2020). The substitution of valine (V) at
position 192 in HC-Pro with A reduced the virulence
of tobacco etch virus (TEV). A compensatory muta-
tion of tyrosine (Y) in position 642 to C restored TEV
virulence (Torres-Barcel6 et al., 2009). In this study, we
found that the mutation of the highly conserved R® to
A in p126 affected the virulence and symptom develop-
ment of TMV (Fig. 1), however, a spontaneous muta-
tion of the less-conserved S''* to K in p126 restored
TMV virulence (Fig. 2). The lack of proofreading and
repair mechanisms in the polymerases of RNA viruses
results in RNA genome populations containing high
levels of genetic heterogeneity. Malpica et al. found
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that TMV MP mutant frequency was 0.02-0.05, and
35% of the sequenced mutants contained two or more
mutations (Malpica et al. 2002). In this study, we found
that a mutation of R'® to K in the MP coding sequence
of the TMV-R88A mutant progeny occurred in one
tobacco plant. However, the mutation of S** to K in the
p126 coding sequence of TMV-R88A mutant progeny
occurred in all three tobacco plants (Additional file 1:
Table S2). To elucidate whether the mutation of S114K
in the p126 was responsible for the virulence restora-
tion of TMV-R88A mutant and exclude the effect of
other possible mutations, we introduced the mutation
of S114K into the original plasmid pTMV-R88A. The
double-mutant plasmid pTMV-R88A/S114K induced
severe mosaic symptoms in tobacco plants as the wild-
type TMV did (Fig. 2e) The CP accumulation levels of
TMV-R88A/S114K in the systemically infected leaves
of tobacco plant were also restored (Fig. 2g). These
results supported the conclusion that the mutation of
S to K was the key for virulence restoration of the
TMV-R88A mutant.

Mild strain-mediated cross-protection is an efficient
way to control plant virus diseases (Ziebell and Carr
2010; Cheng et al. 2023; Goh et al. 2023). There are vari-
ous methods for developing mild strains. The traditional
method of identifying attenuated strains is selection from
naturally occurring strains. A naturally occurring mild
variant of ZYMV-WK could effectively protect against
the wild-type ZYMYV infection in two cultivars of zuc-
chini squash (Lecoq et al. 1991). Attenuated viruses can
be obtained by thermal treatment of infected plants
(Desjardins et al. 1959). Random chemical mutagenesis
was also used to develop attenuated viruses of TMV and
papaya ringspot virus (PRSV) (Rast 1972; Yeh and Cheng
1989). High-throughput sequencing is an emerging tool
for discovering potentially cross-protective strains (Cook
et al. 2016; Kamitani et al. 2016), but this approach has
several limitations (Pechinger et al. 2019). Recently,
reverse genetics had been adopted to develop useful mild
mutants (Tran et al. 2023). Some attenuated mutants of
PRSV and East Asian passiflora virus (EAPV) were con-
structed by mutating HC-Pro that the pathogenicity
determinant of potyviruses (Cheng et al. 2023; Chong
et al. 2023). The mild strain should be capable of systemic
infection, which is a requirement for its cross-protection
(Pechinger et al. 2019). In this study, we found that the
mutation of R¥ to A in p126 affected the systemic infec-
tion of TMV (Fig. 1). Substituting the complementary
mutation site of $'* in p126 with R restored the systemic
infection, but not virulence, of the movement-defective
TMV-R88A mutant (Fig. 3). Furthermore, TMV-R88A/
S114R mutant was a stable attenuated strain and have
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the potential for controlling of wild-type TMV in tobacco
plants (Fig. 4).

Conclusions

Our results demonstrate that the conserved R®® residue
in the p126 MET domain is involved in the cell-to-cell
movement and replication of TMV, and that the attenu-
ated TMV mutant can be a promising tool for cross-
protection by engineering the complementary mutation
site. These results provide a novel method for the devel-
opment of attenuated virus mutants for cross-protection.

Methods

Plant growth

N. benthamiana and tobacco N. tabacum cultivar Zhong-
yan 100 plants were used in this study. The plants were
grown in a chamber under controlled conditions at 24°C
with a 16-h light and 8-h dark photoperiod, and light
intensity of 125 umol/m?/s.

Plasmid construction

The infectious clone of the wild-type TMV (pTMYV)
based on TMV Mudanjiang strain (GenBank accession:
MH595921) and the GFP-expressing infectious clones of
TMV (pTMV-GFP) were kept in the laboratory of Profes-
sor Xiangdong Li, Shandong Agricultural University. To
introduce mutations into the p126 protein, site-directed
mutagenesis was performed as reported previously (Liu
and Naismith 2008). Each primer used for construct-
ing the TMV mutants were listed in Additional file 1:
Table S1.

Virus inoculation

Each construct was transformed into Agrobacterium
tumefaciens strain GV3101 via the freeze-thaw method
(Jyothishwaran et al. 2007). The transformed Agrobacte-
rium carrying each construct was cultured overnight at
28°C and collected by centrifugation at 6000 g at 25°C.
Then, the Agrobacterium cultures were resuspended
in induction buffer (10mM MgCl,, 150pM acetosyrin-
gone, and 10mM 2-(N-Morpholino) ethane sulfonic
acid (MES)) to a cell concentration with an ODy, of 0.5
and incubated at 28°C for 3 hours. The lower two fully
expanded leaves of tobacco plants were infiltrated with
the transformed Agrobacterium carrying each construct.
The plants inoculated with the empty vector pCB301-Rz
were used as negative controls. To determine viral cell-to-
cell movement, the Agrobacterium cultures were diluted
to an ODg;, of 0.0001 and individually infiltrated into
N. benthamiana leaves (Yan et al. 2020; Yan et al. 2021).
GFP fluorescence from TMV-GFP and its mutants was
observed using a Zeiss LSM510 META laser scanning
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microscope at 60 hpai. GFP was excited at 488 nm and
the emitted signal was captured at 505-530nm. The
number of N. benthamiana cells showing fluorescence
was manually counted. The average numbers of fluores-
cent cells from 30 infection foci per treatment were cal-
culated. The experiments were repeated three times.

RNA extraction and RT-qPCR

The total RNA of leaf tissues was isolated using TRI-
Zol reagent from TransGen Biotech Co., Ltd. (Beijing,
China), according to the manufacturer’s instructions.
500ng total RNA was used as a template to synthesis the
first-strand cDNA via HiScript II Q RT select SuperMix
(+gDNA wiper; Vazyme, Nanjing, China). RT-qPCR
was performed using ChamQ SYBR qPCR Master Mix
(Vazyme, Nanjing, China) on a LC96 Real-Time System
(Roche, Basel, Switzerland). The housekeeping 185 rRNA
gene (GenBank accession: HQ384692) in tobacco plants
was used as an internal control for the assay (Ellis et al.
2020). The experiments were repeated three times.

Tobacco protoplasts isolation and transfection

Protoplasts were isolated from tobacco leaves and
transfected using a polyethylene glycol (PEG)-medi-
ated method (Jiang et al. 2021). Approximately 4x 10°
tobacco protoplasts were gently mixed with 10ug plas-
mid DNA and 40% polyethylene glycol (PEG) solution
(40% PEG4000 (MW 4000, Fluka), 0.4 M mannitol, and
100mM CaCl,) at 25°C for 20 min. The protoplasts were
gently washed in an equal volume of cold W5 solution
(154mM NaCl, 125mM CaCl,, 5mM KCl, 2mM MES,
pH5.7) and collected by centrifugation at 150¢ for 1 min.
The protoplasts were resuspended in 1 mL W5 solution
and incubated at room temperature. The total RNA was
extracted from 1x10° protoplasts for RT-qPCR analysis
at 18 h post transfection. The experiments were repeated
three times.

Western blotting

Total proteins of 100 mg leaf tissues were extracted with
200 puL of lysis buffer (100mM Tris-HCl pH7.5, 150 mM
NaCl, 0.6% SDS (w/v), and 2% f5-mercaptoethanol). Pro-
tein extracts were separated on 12% SDS-PAGE gels and
transferred onto nitrocellulose membrane (Pall Gelman,
New York, USA) (Sun and Suzuki 2008). Polyclonal anti-
bodies specific for TMV CP prepared in our laboratory
were used as the primary antibodies. The horseradish
peroxidase-conjugated goat anti-rabbit IgG (Sigma-
Aldrich, St. Louis, MO, USA) was used as the secondary
antibody. The amounts of TMV CP were quantified by
Image] software (Wyrsch et al. 2015). The experiments
were repeated three times.
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Confocal microscopy

To monitor viral intercellular movement in N. bentha-
miana leaves, the Agrobacterium-infiltrated leaf patches
were collected and visualized by a Zeiss LSM510 META
laser scanning microscope using the ZEN blue version
2.1. GFP was excited at 488nm and the emitted signal
was captured at 505-530nm. The images were captured
at 60 hpai.

Cross protection assay

The lower two fully expanded leaves of tobacco plants
at the five-leaf stage were first infiltrated with the Agro-
bacterium culture carrying the plasmid of the attenu-
ated TMV mutant for protective inoculation. Tobacco
plants inoculated with Agrobacterium carrying pCB301-
Rz plasmid were used as non-protected controls. At 5
or 10days after the protective inoculation (in the follow-
ing text these periods are referred to as the protective
intervals), the top fully expanded tobacco leaves were
mechanically challenge-inoculated with the wild-type
TMYV prepared from crude extracts of infected tobacco
leaves. Plants were analyzed by visual observation of leaf,
western blotting for TMV CP, and sequencing of p126
coding sequences at 20 days after challenge inoculation.

Stability test

Tobacco plants were infiltrated with the Agrobacterium
culture carrying the plasmid of TMV mutant. The p126
coding sequences of TMV mutant progeny in the system-
ically infected tobacco leaves were sequenced at 70 dpai.
In addition, serial passaging of viruses from infected
plants to fresh uninfected plants was performed at a
20-day interval. After four serial passages, the p126-cod-
ing sequences of TMV mutant progeny in tobacco leaves
were sequenced.

Abbreviations

dpai  Days post-agroinfiltration

hpai  h post agroinfiltration

MES  2-(N-Morpholino) ethane sulfonic acid
TMV  Tobacco mosaic virus
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