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Abstract

Although RNA cytosine-5 methylation (m5C) is an important post-transcriptional regu-
latory mechanism, its contribution to plant antiviral immunity remains unclear. In this
study, we identified Thiamine thiazole synthase 2 (TaTHI2) as a host mRNA target of the
wheat m5C methyltransferase TaNSUN2 during infection by Chinese wheat mosaic virus
(CWMV), a soil-borne virus that poses a major threat to wheat production. TaNSUN2
contributes to the m5C modification of TaTHI2 transcripts, enhancing mRNA stability and
sustaining TaTHI2 accumulation. The disruption of a key m5C site markedly reduced
methylation, weakened TaNSUN2–RNA binding, and accelerated transcript decay, leading
to the compromised production of reactive oxygen species (ROS) and increased viral infec-
tion. Mechanistically, the TaNSUN2-dependent m5C modification stabilized TaTHI2 mRNA,
thereby promoting ROS-mediated antiviral defense. Collectively, our results establish the
m5C modification of TaTHI2 mRNA as a critical post-transcriptional control point in CWMV
resistance and highlight TaNSUN2-dependent RNA methylation as an integral component
of host antiviral immunity.

Keywords: RNA m5C methylation; TaNSUN2; TaTHI2; antiviral immunity; Chinese wheat
mosaic virus

1. Introduction
Post-transcriptional RNA modifications constitute a pervasive regulatory layer that

shapes gene expression across living organisms [1–3]. To date, more than 170 chemically dis-
tinct RNA modifications have been identified, primarily in mRNA, tRNA, and rRNA [4–6].
Among these, several mRNA modifications, including N6-methyladenosine (m6A), N1-
methyladenosine (m1A), 5-methylcytosine (m5C), and N7-methylguanosine (m7G), have
emerged as important modulators of RNA fates [4,7]. RNA modifications have also
emerged as novel and efficient targets in responses against viruses [8], and accumulating
evidence suggests that they further participate in plant stress responses and immune regu-
lation, fine-tuning transcript stability, translation efficiency, and signaling outputs during
pathogen challenge. In particular, both m6A and m5C modifications have been implicated
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in plant–pathogen challenges, highlighting RNA modifications as integral components of
post-transcriptional immune control [9–12].

Among these modifications, m5C is a conserved yet comparatively understudied
mRNA alteration [13]. Members of the NOP/Sun (NSUN) family—which includes NSUN2
in mammals and TRM4B in Arabidopsis thaliana—have been identified as major m5C methyl-
transferases in eukaryotes [1,14,15]. In rice, OsNSUN2 mediates the m5C modification of
photosynthesis-related transcripts and enhances their expression [16]. We recently demon-
strated that TaNSUN2 functions as an m5C methyltransferase in wheat and is involved in
susceptibility to Chinese wheat mosaic virus (CWMV) infection by directly methylating
viral RNA. During infection, TaNSUN2 is recruited to viral replication complexes, where
it deposits m5C marks on CWMV genomic RNAs to promote viral RNA stability and
accumulation [17]. Similar strategies have been reported for other mammalian viruses,
emphasizing that viral pathogens can hijack host RNA methyltransferases to facilitate repli-
cation [18,19]. Emerging evidence suggests that m5C modification can influence mRNA
stability and translation [16,20], thereby shaping gene expression outcomes under stress
conditions, including pathogen infection [17]. However, although the m5C-mediated regu-
lation of host transcripts has been reported in other systems, whether TaNSUN2 modulates
host antiviral responses through the m5C modification of endogenous transcripts in wheat
remains unclear.

CWMV is a soil-borne furovirus that poses a serious threat to wheat production [21] and
causes wheat yellow mosaic disease, which leads to yield losses of 10–30% in affected fields
and up to more than 70% in severe cases [22,23]. This disease has been widely reported
in major winter wheat-producing regions of China, including Shandong, Jiangsu, Anhui,
and Zhejiang provinces, and has shown a trend of spreading toward northern and western
areas [24]. CWMV’s bipartite positive-sense RNA genome consists of RNA1, which encodes
replication-associated proteins and the movement protein (MP), and RNA2, which encodes
the coat protein (CP) and a cysteine-rich protein (CRP) that functions as a suppressor of
RNA silencing [21,25,26]. These viral proteins are essential for viral replication, movement,
and host interaction, while viral accumulation is strongly influenced by environmental
factors such as temperature [21,25,27]. Host defense against CWMV involves multiple
layers of regulation, including reactive oxygen species (ROS) signaling [28,29]. ROS bursts
represent a key component of plant basal immunity [30–32] during the battle between
plants and viruses; specifically, they function as signaling molecules that activate down-
stream antiviral defenses and restrict viral infection [28]. Moreover, the expression of some
endogenous genes is increased in plants in response to viral infections [33,34]. Previous
studies have shown that the expression of the thiamine biosynthesis-related protein THI2
is upregulated in response to abiotic stress [35,36], and TaTHI2 has been identified as
an endogenous CWMV resistance factor. During infection, TaTHI2 protein abundance
is increased in the plasma membrane, which then interacts with the calcium-dependent
protein kinase TaCPK5, suppressing catalase activity and promoting ROS accumulation,
thus restricting viral spread [29]. Although TaTHI2 plays a central role in this antiviral
pathway, its post-transcriptional regulation has not yet been characterized.

Given the emerging role of m5C in controlling mRNA fate and the importance of
TaTHI2 in CWMV resistance, we hypothesized that TaTHI2 mRNA is subjected to TaNSUN2-
mediated m5C modifications during viral infection. In this study, we demonstrated that
TaNSUN2 directly methylates TaTHI2 mRNA, enhancing its stability, whereas the disrup-
tion of a key m5C site compromises ROS accumulation and promotes CWMV infection. To-
gether, our results identify TaTHI2 mRNA m5C modifications as a key post-transcriptional
control point in ROS-mediated resistance to CWMV.
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2. Materials and Methods
2.1. Plant Materials and Growth Conditions

Nicotiana benthamiana plants were cultivated in a controlled growth chamber at
25 ± 2 ◦C with a 16 h light/8 h dark photoperiod and 65 ± 5% relative humidity. For viral
infection assays, the wheat cultivar ‘Fielder’ was used, which is susceptible to CWMV.
Wheat seedlings were initially grown in a greenhouse at 25 ± 2 ◦C. After reaching the four-
leaf stage, the seedlings were rub-inoculated with CWMV and subsequently transferred to
a growth chamber maintained at 15 ± 2 ◦C under a 16 h light/8 h dark cycle. Experimental
analyses were conducted 14 dpi. Additionally, TaNSUN2-overexpressing (TaNSUN2-OE)
and knockout (TaNSUN2-KO) wheat lines previously generated in our laboratory were
used in this study.

2.2. Virus Inoculation and Agroinfiltration

For transient expression in N. benthamiana, Agrobacterium tumefaciens strain GV3101
carrying pCB35S-R1 (OD600 = 0.6–0.8) was mixed with an equal volume of GV3101 contain-
ing pCB35S-R2 or its mutants. The mixture was resuspended in infiltration buffer (100 mM
MES; 10 mM MgCl2; and 20 mM acetosyringone) and infiltrated into the abaxial sides
of the leaves using needleless syringes. For wheat infection, CWMV RNA1 and RNA2
were in vitro transcribed using the Ambion Message Machine kit (Invitrogen; Carlsbad,
CA, USA) after linearization with SpeI. Equal amounts (5 µg each) of the transcripts were
diluted in 1× FES buffer and rub-inoculated onto the entire second leaves of the wheat
seedlings. Each treatment included six seedlings and was repeated in three independent
biological replicates. The inoculated plants were maintained at 15 ◦C, and viral disease
signs were recorded at 14 dpi.

2.3. m5C RIP Assay

Total RNA (200 µg) extracted from wheat plants was incubated in a final volume
of 500 µL containing 1× IP buffer (50 mM Tris-HCl; 150 mM NaCl; 0.5% (v/v) Nonidet
P-40), 200 U RNasin, and 10 µg anti-m5C antibody with gentle rotation for 2 h at 4 ◦C.
Subsequently, 200 µL of protein A agarose beads pre-equilibrated in 1× IP buffer was added
to the reaction, followed by an additional 2 h of rotation at 4 ◦C. The beads were collected
via centrifugation and washed four times with 1× IP buffer. m5C-enriched RNA was
eluted via incubation with an elution competition buffer (50 mM Tris-HCl; 150 mM NaCl;
0.5% (v/v) Nonidet P-40; 200 U RNasin; and 6.7 mM free m5C) for 1 h at room temperature
with vigorous shaking. The eluted RNA was purified via phenol/chloroform extraction,
followed by ethanol precipitation. Parallel immunoprecipitation reactions were performed
using normal IgG as a negative control. The enriched RNA fragments were analyzed via
RT-PCR and qRT-PCR using gene-specific primers, which are listed in Table S1.

2.4. Preparation of RNA Probe and MST Assay

A Cy5-labeled RNA probe was commercially synthesized. For the binding assay, the
labeled RNA probe was mixed with purified TaNSUN2-GST or GST alone (negative control)
at predetermined ratios. The mixture was incubated in the dark for 2 min to allow for
RNA–protein interactions. Subsequently, the samples were loaded into capillary tubes
and analyzed using an MST instrument to examine the protein–RNA binding. Data were
processed and analyzed using software provided by NanoTemper Technologies (Munich,
Germany), and equilibrium dissociation constants for the interactions were calculated
based on the obtained binding curves.

Cy5-labeled RNA probes corresponding to the indicated TaTHI2 sequences were chem-
ically synthesized. For the MST-binding assays, the labeled RNA probes were incubated
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with the purified TaNSUN2-GST protein at various concentrations. Purified GST protein
was used as a negative control. RNA–protein mixtures were prepared at predetermined
molar ratios and incubated in the dark for 2 min to allow for complex formation. The sam-
ples were subsequently loaded into standard capillaries and analyzed using a microscale
thermophoresis instrument (NanoTemper Technologies) according to the manufacturer’s
instructions. MST data were processed using the NanoTemper Analysis software, and the
equilibrium dissociation constants (Kd) were calculated by fitting the binding curves.

2.5. Plasmid Construction

The full-length coding sequence of TaTHI2 was amplified from the cDNA derived
from the wheat cultivar ‘Fielder’ and cloned into the pGWB454 vector. The TaNSUN2-GFP
construct used in this study was generated and maintained in our laboratory.

2.6. RNA Stability Assay

For the mRNA stability assays in N. benthamiana, recombinant expression constructs
were introduced into leaves via Agrobacterium tumefaciens (GV3101)-mediated infiltration.
After 36 h of expression, actinomycin D (Sigma, A4262; Shanghai Pureone Biotechnology,
Shanghai, China) dissolved in ddH2O was infiltrated into the abaxial sides of leaves at
a final concentration of 25 µg/mL using a needleless syringe. Each treatment included
six infiltrated leaves per experiment, and the experiment was independently repeated
three times to generate biological replicates. Leaf discs were collected immediately after
actinomycin D infiltration and designated as the 0 h time point. Subsequent samples were
harvested at 2 and 4 h post-treatment and immediately frozen in TRI reagent (Invitrogen)
for RNA extraction. Total RNA was extracted using TRIzol reagent according to the manu-
facturer’s instructions and treated with DNase I to remove genomic DNA contamination.
First-strand cDNA was synthesized from 1 µg of total RNA using a reverse transcription
kit. Quantitative PCR was performed using gene-specific primers to determine the relative
transcript abundance at each time point. The transcript levels were normalized to the
N. benthamiana reference gene ubiquitin-conjugating enzyme (NbUBC), and the RNA decay
rates were calculated based on changes in the relative transcript levels over time.

2.7. Construction of Vector with Point Mutations

The full-length TaTHI2C830T coding sequence was generated by amplifying two over-
lapping fragments of the TaTHI2-pGWB454 template using site-directed mutagenesis
primers (Table S1). The two fragments were assembled into a full-length CDS using
overlap extension PCR, and the resulting PCR products were cloned into the pGWB454
vector for the subsequent experiments.

2.8. Histochemical Staining for Hydrogen Peroxide (H2O2)

To visualize the H2O2 accumulation, histochemical staining with DAB was performed
according to a previously established protocol [32]. In this assay, DAB reacts with H2O2 in
the presence of endogenous peroxidases to form a stable, dark-brown polymeric precipi-
tate, thereby marking the sites of H2O2 localization. Briefly, leaf samples collected from
agroinfiltrated N. benthamiana were submerged in DAB staining solution (Sigma-Aldrich;
Merck KGaA; Darmstadt, Germany), incubated overnight in the dark, and then decol-
orized by boiling them in absolute ethanol until the chlorophyll was completely removed.
For the quantitative analysis, the relative staining intensity was measured using the Im-
ageJ 1.8.0 software (http://rsbweb.nih.gov/ij (accessed on 26 June 2025)), as described
previously [37].
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2.9. Western Blot Assay

Total protein was extracted from homogenized N. benthamiana and wheat tissues using
a lysis buffer containing 6% SDS, 100 mM Tris-HCl (pH 8.8), and 2% β-mercaptoethanol.
Equal amounts of total protein (5 µg per lane) were mixed with SDS loading buffer, boiled at
95 ◦C for 10 min, and separated via SDS-PAGE on 12.5% polyacrylamide gels. Proteins were
transferred onto nitrocellulose membranes using a wet transfer system. Following transfer,
membranes were stained with Ponceau S to verify equal protein loading across lanes and
were then blocked with 5% (w/v) skim milk in TBST for 60 min at room temperature and
incubated with primary antibodies, including anti-CP (1:5000; HuaanBio; Hangzhou, China)
and anti-RFP (1:2000; Chromo tek; Martinsried, Germany), followed by HRP-conjugated
secondary antibodies (1:5000; TransGen Biotech; Beijing, China). Immunoreactive signals
were detected using an enhanced chemiluminescence (ECL) substrate and visualized
with an Amersham Imager 680 system, and band intensities were quantified using the
ImageJ 1.8.0 software. The relative protein abundance was calculated by normalizing the
band intensity to the control group, which was set to 1.0. Quantification was based on
three independent biological replicates.

2.10. Statistical Analyses

All statistical processing was performed using the GraphPad Prism 10.1.2 soft-
ware (https://www.graphpad-prism.cn/?c=h&a=login (accessed on 14 September 2024)).
Two-tailed Student’s t test was applied for comparisons between two groups, while one-
way analysis of variance (ANOVA) accompanied by Tukey’s correction was adopted for
comparisons among multiple groups. Statistical significance was defined as p < 0.05 and la-
beled as follows: * p < 0.05; ** p < 0.01; *** p < 0.001; n.s. represents no significant difference.
The different lowercase letters represent significantly different means, and means followed
by different lowercase letters are significantly different at the p < 0.05 level.

3. Results
3.1. m5C Modifications of TaTHI2 mRNA in Wheat

TaTHI2 has previously been identified as a key regulator of antiviral responses during
CWMV infection [29]. Consistently, we observed a significant increase in TaTHI2 transcripts
upon viral infection (Figures 1a and S1). Given that post-transcriptional RNA modifications
such as m5C and m6A are often associated with mRNA stability and expression [15], we
next examined whether TaTHI2 mRNA undergoes m5C modification. Reanalysis of our
previously generated RNA bisulfite sequencing data [17] revealed multiple candidate m5C
sites within TaTHI2 transcripts. Notably, one site located at cytosine 830 (C830) was ob-
served in wild-type plants but was notably absent in TaNSUN2-deficient lines (Figure 1b),
suggesting that this modification is dependent on TaNSUN2, a previously characterized
m5C methyltransferase in wheat. Primers were designed to amplify a TaTHI2 mRNA frag-
ment encompassing the C830 region to further validate the presence of m5C modification
at this site. Total RNA extracted from ‘Fielder’ plants was subjected to m5C RNA immuno-
precipitation (m5C-IP) using an anti-m5C antibody, and RT-PCR analysis showed that the
TaTHI2 fragment was enriched in the immunoprecipitated fraction compared with the input
(Figure 1c). Consistently, RIP-qPCR analysis further confirmed a significant enrichment
of TaTHI2 mRNA in the m5C-IP samples (Figure 1d). Notably, a chemically synthesized
RNA fragment lacking cytosine residues showed no detectable enrichment under the same
conditions, whereas TaHSP70 (heat shock protein 70), a transcript previously reported to
carry m5C modification, was significantly enriched. Together, these results indicate that the
enrichment of TaTHI2 reflects specific m5C modification rather than nonspecific binding.
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Figure 1. The transcriptional and m5C modification status of TaTHI2 in wheat. (a) The TaTHI2
transcript abundance in CWMV-infected and mock-inoculated ‘Fielder’ plants at 14 dpi, determined
via qRT-PCR. The data represent means ± SDs (n = 3 biological replicates; two-sided t test; * p < 0.05).
(b) A visualization analysis diagram of the m5C modification of IGV on TaTHI2 mRNA of Fielder and
TaNSUN2-KO. Each column represents the site where modification was detected, and the positions
outlined in red are the C830 position (7A, 550052928). The range of methylation levels is 0–0.05. (c) De-
tection of m5C-modified TaTHI2 mRNA via m5C RNA immunoprecipitation (m5C-RIP) followed
by RT-PCR. Total RNA extracted from ‘Fielder’ plants was immunoprecipitated using an anti-m5C
antibody or IgG as a negative control. TaHSP70, a known m5C-modified transcript, was used as
a positive control and showed clear enrichment in the m5C-IP fraction. A chemically synthesized
RNA fragment lacking cytosine residues (RNA w/o C) was used as a negative control and showed
no detectable enrichment. (d) Quantification of mRNA enrichment in the m5C-immunoprecipitated
fraction via m5C-RIP-qPCR. Data are the means ± SDs (n = 3 biological replicates; two-sided t test;
*** p < 0.001, n.s. represents no significant difference).

3.2. Association Between TaNSUN2 and TaTHI2 mRNA and Its Effect on m5C Modifications

Total RNA was isolated from TaNSUN2-OE lines, TaNSUN2-KO lines, and the wild-
type wheat cultivar ‘Fielder’ to determine whether TaNSUN2 regulates the m5C modifica-
tion of TaTHI2 mRNA at the predicted C830 region. m5C-modified RNAs were enriched via
m5C-IP using an anti-m5C antibody, followed by RT-PCR and qRT-PCR analyses. RT-PCR
analysis revealed a marked increase in the enrichment of the TaTHI2 mRNA fragment,
encompassing the C830 site, in the m5C-immunoprecipitated samples from TaNSUN2-OE
plants compared with that in ‘Fielder’ plants, whereas this fragment was undetectable in
TaNSUN2-KO plants (Figure 2a). Consistent with these results, m5C-RIP-qPCR analysis
showed a significant increase in the relative m5C level in the TaTHI2 mRNA in TaNSUN2-
OE lines and a pronounced decrease in TaNSUN2-KO lines relative to that in the wild-type
(Figure 2b). Microscale thermophoresis (MST) assays were performed using the purified
TaNSUN2-GST protein and a chemically synthesized TaTHI2 RNA probe encompassing
the C830 region to determine whether TaNSUN2 was directly associated with TaTHI2
mRNA. In addition, a previously reported [17] CWMV RNA2 3′ UTR probe (designated
as S2-P) was included as a positive control. Binding between TaNSUN2-GST and the
TaTHI2 RNA probe was detected via MST, with an apparent dissociation constant (Kd) of
2.79 nM, whereas no detectable interaction was observed between the TaTHI2 RNA probe
and GST under the same experimental conditions. The S2-P probe showed strong binding
to TaNSUN2 under identical conditions, supporting the reliability of the assay (Figure 2c).
Given the association between the TaNSUN2 and TaTHI2 mRNA levels, we examined the
effect of TaNSUN2 on the TaTHI2 mRNA stability. Following transcriptional inhibition,
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TaTHI2 transcripts exhibited a slower decay rate in the presence of transiently expressed
TaNSUN2-GFP than that in the control sample (Figure 2d).

Figure 2. TaNSUN2-mediated m5C modification of TaTHI2 mRNA. (a) Detection of m5C modi-
fication on TaTHI2 mRNA via m5C RNA immunoprecipitation (m5C-RIP) followed by RT-PCR.
Total RNA from ‘Fielder’, TaNSUN2-OE, and TaNSUN2-KO wheat plants was subjected to m5C-RIP
using anti-m5C antibody. Input and IgG-immunoprecipitated samples were included as controls.
(b) Quantification of TaTHI2 mRNA m5C modifications via m5C-RIP-qPCR. Enrichment levels were
normalized to input RNA. Values represent means ± SDs (n = 3 biological replicates; one-way
ANOVA with Tukey’s multiple comparisons test; different lowercase letters indicate significant
differences; p < 0.05). (c) Direct association between TaNSUN2 and TaTHI2 mRNA analyzed via
microscale thermophoresis (MST). Purified TaNSUN2-GST protein was incubated with chemically
synthesized TaTHI2 RNA probe encompassing C830 region. GST protein incubated with same RNA
probe served as negative control, and TaNSUN2-GST protein incubated with S2-P probe was used
as positive control. Data are presented as means ± SDs (n = 3). (d) Analysis of TaTHI2 mRNA
stability following transcriptional inhibition (TI) in presence or absence of TaNSUN2. Data represent
means ± SDs (n = 3 biological replicates).

3.3. Cytosine 830 Contributes to the m5C Modification of TaTHI2 mRNA

The potential effects of different C830 substitutions were first evaluated in silico to
assess whether C830 represents a major m5C modification site on TaTHI2 mRNA. RNAfold
was used to predict changes in the RNA secondary structure resulting from the substitution
of C830 for A, U, or G. Among the tested substitutions, the replacement of C830 with U
least affected the predicted secondary structure of TaTHI2 mRNA (Figure 3a) and was
therefore selected for subsequent analyses. Meanwhile, structural prediction indicated that
the C830T mutation exerted no obvious effect on the three-dimensional conformation of the
resulting protein (Figure 3b). Furthermore, we constructed m5C-inactivation mutant forms
of TaTHI2C830T and TaTHI2, and these were then transiently introduced into wheat proto-
plasts (Figure 3c). m5C-IP was performed using wheat protoplasts transiently expressing
TaTHI2-RFP or TaTHI2C830T-RFP. RT-PCR analysis showed a reduction in the enrichment of
the m5C-immunoprecipitated TaTHI2C830T mRNA fragment compared with that with the
wild-type TaTHI2 transcript (Figure 3d), and m5C-RIP-qPCR analysis consistently revealed
a significant decrease in the m5C modification of TaTHI2 mRNA following the substitution
of C830 with T (Figure 3e). Next, we examined whether the C830-to-T substitution affected
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the interaction between TaNSUN2 and TaTHI2 mRNA. MST assays were performed using
purified TaNSUN2-GST together with chemically synthesized RNA probes corresponding
to wild-type TaTHI2 or the C830T variant. The C830T substitution markedly reduced the
binding affinity of TaNSUN2 for TaTHI2 mRNA, as reflected by the substantially increased
dissociation constant compared to that of the wild-type probe (Figure 3f). TaTHI2C830T

mRNA decayed more rapidly than the wild-type transcript following transcriptional inhi-
bition, indicating that the substitution at C830 was associated with a reduction in TaTHI2
mRNA stability (Figure 3g).

Figure 3. C830 is a critical m5C modification site in TaTHI2 mRNA. (a) The predicted secondary
structure of TaTHI2 mRNA after the substitution of cytosine 830 (C830) with adenine (A), uracil
(U), and guanine (G). Panel I shows the predicted secondary structure of wild-type TaTHI2 mRNA,
whereas panels II–IV show the predicted structures following the substitution of C830 with A, U,
and G, respectively. The C830 position is indicated by red asterisks. (b) A three-dimensional structure
prediction map of the wild-type TaTHI2 and mutant TaTHI2 protein sequences using the SWISS
MODEL tool. Different colors correspond to different confidence levels. Red represents low confidence,
whereas blue indicates high confidence. (c) A schematic representation of the TaTHI2 mutation used in
the subsequent validation assays. The coding regions of the wild-type TaTHI2 and mutant TaTHI2C830T

were cloned into the pGWB454 expression vector driven by the CaMV 35S promoter. (d) m5C RNA
immunoprecipitation (RIP) analysis of TaTHI2 and TaTHI2C830T mRNA. RIP assays were performed using
an anti-m5C antibody or IgG as a negative control on total RNA isolated from Nicotiana benthamiana leaves
transiently expressing TaTHI2 or TaTHI2C830T. Enriched TaTHI2 mRNA fragments were detected via
RT-PCR and agarose gel electrophoresis. (e) Quantification of the m5C modification levels of TaTHI2 and
TaTHI2C830T mRNA via m5C-RIP-qPCR. The enrichment of TaTHI2 mRNA fragments, shown in panel (c),

https://doi.org/10.3390/agronomy16090921

https://doi.org/10.3390/agronomy16090921


Agronomy 2026, 16, 921 9 of 14

was calculated. Values represent means ± SDs (n = 3 biological replicates; two-sided t test; * p < 0.05).
(f) The interaction between TaNSUN2 and TaTHI2 mRNA was analyzed via microscale thermophore-
sis (MST). The purified TaNSUN2-GST protein was incubated with chemically synthesized RNA
probes corresponding to wild-type TaTHI2 or the C830T variant. Each binding assay was performed
three times independently, and data are presented as means ± SDs. (g) Stability analysis of TaTHI2
and TaTHI2C830T mRNA in the presence of TaNSUN2 following transcriptional inhibition (TI). Data
are shown as means ± SDs (n = 3 biological replicates).

3.4. C830-to-T Mutation in TaTHI2 mRNA Reduces ROS Accumulation and Facilitates
CWMV Infection

We compared the effects of wild-type TaTHI2 mRNA and mutant TaTHI2C830T mRNA
to evaluate the effect of the TaTHI2C830T mutation on CWMV accumulation. As TaTHI2 is
known to trigger an ROS burst signaling cascade that confers CWMV infection resistance,
ROS accumulation serves as an additional indicator for assessing viral infection [29]. N. ben-
thamiana leaves were co-infiltrated with CWMV and RFP, TaTHI2-RFP, or TaTHI2C830T-RFP
to assess the effect of the C830-to-T mutation in TaTHI2 on the ROS production and CWMV
accumulation. The ROS accumulation was analyzed via 3,3′-diaminobenzidine (DAB)
staining and quantified using ImageJ. The ROS levels were markedly increased in leaves ex-
pressing either TaTHI2-RFP or TaTHI2C830T-RFP compared with those of the CWMV+RFP
control. However, the ROS accumulation was significantly lower in TaTHI2C830T-RFP-
expressing leaves than in those expressing TaTHI2-RFP (Figure 4a,b). The CWMV accumu-
lation was further assessed via qRT-PCR and Western blotting. Consistent with the ROS
results, both the CWMV RNA and CP levels were significantly reduced in leaves express-
ing TaTHI2-RFP or TaTHI2C830T-RFP compared with those in the control. Notably, viral
accumulation was higher in TaTHI2C830T-RFP-expressing leaves than in those expressing
TaTHI2-RFP (Figure 4c,d).

Figure 4. The TaTHI2C830T mutant of TaTHI2 mRNA facilitates Chinese wheat mosaic virus (CWMV)
infection by reducing reactive oxygen species (ROS) accumulation. (a) Nicotiana benthamiana leaves
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were co-infiltrated with CWMV and TaTHI2-RFP, TaTHI2C830T-RFP, or RFP alone, with CWMV + RFP
serving as the control. Leaves were stained with 3,3′-diaminobenzidine (DAB) to detect ROS produc-
tion. (b) Measurement of the relative DAB staining intensity as shown in (a). Values were obtained by
measuring three representative images chosen from three biological replicates, and the data presented
are the means ± SDs from three samples; different lowercase letters indicate significant differences
(p < 0.05). (c) Accumulation of CWMV RNA in the inoculated leaves from (a), as analyzed via
qRT-PCR. Data represent means ± SDs. Different letters show statistically significant differences
(p < 0.05, Tukey’s test). (d) CWMV accumulation in these N. benthamiana leaves was detected via
Western blotting using an anti-CWMV CP and anti-RFP antibody.

4. Discussion
Post-transcriptional RNA modifications are important regulators of plant stress adap-

tation and immunity [9–11]. In the CWMV–wheat pathosystem, TaTHI2 functions as an en-
dogenous resistance factor that restricts viral infection by modulating TaCPK5–catalase
signaling and ROS accumulation [29]. Consistent with these findings, TaTHI2 transcripts re-
sponded to CWMV infection, with altered expression dynamics observed between infected
and mock-treated plants, and they showed consistent expression across infection stages
and tissues associated with viral accumulation (Figures 1a and S1). Previous RNA-BisSeq
analysis identified m5C modification sites within TaTHI2 transcripts, among which the
C830 site showed both a high sequencing depth and methylation level, suggesting that
it represents a reliable and potentially functional modification site [17]. Building on this
observation, we further validated this site and investigated its functional relevance. To-
gether with m5C site prediction and m5C-RIP validation, these results established TaTHI2 as
an infection-associated host factor and prompted an investigation of its post-transcriptional
regulation (Figure 1c,d). Among RNA modifications, m6A has been extensively linked to
developmental regulation, stress adaptation, and viral infection [38]; however, functional
evidence of its involvement in plant immunity remains limited. NSUN family methyltrans-
ferases regulate mRNA fates in plants, as exemplified by the OsNSUN2-mediated m5C
modification of photosynthesis-related transcripts in rice [16]. In wheat, TaNSUN2 acts as
an mRNA m5C methyltransferase and is exploited by CWMV to enhance viral infection
via viral RNA methylation [17]. Extending these findings, we showed that TaTHI2 mRNA
undergoes TaNSUN2-dependent m5C modification in plants, as revealed via RT-PCR-based
detection and quantitative m5C-RIP-qPCR following enrichment with an anti-m5C anti-
body (Figure 2a,b). TaNSUN2 was found to directly associate with TaTHI2 RNA (Figure 2c)
and to contribute to the m5C modification of TaTHI2 transcripts, enhancing mRNA stability
(Figure 2d) and, thus, establishing m5C as a determinant of TaTHI2 transcript stability
during infection.

RNA methylation frequently occurs in a site-specific manner, with individual modified
nucleotides exerting pronounced effects on transcript fates [4,14,15]. Given the prominent
cytosine identified in TaTHI2 mRNA (Figure 1d), we next examined its functional relevance.
Guided by the RNA secondary structure prediction (Figure 3a), a C-to-T substitution was
introduced to minimally perturb transcript folding while disrupting the predicted m5C
site (Figure 3c). This single-site mutation markedly reduced m5C enrichment (Figure 3d,e),
weakened TaNSUN2–RNA binding (Figure 3f), and accelerated transcript decay (Figure 3g).
Although this substitution introduces a conservative amino acid change, structural model-
ing using SWISS-MODEL revealed no obvious global differences between the wild-type
and mutant TaTHI2 proteins (Figure 3b), suggesting limited impact on the overall protein
folding. Nevertheless, a contribution from altered protein properties cannot be completely
excluded. Given that the m5C modification has been reported to primarily regulate RNA
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stability and RNA–protein interactions [4,14,15], together with the coordinated loss of
methylation, RNA binding, and transcript stability observed in this study, we propose that
these effects are mainly attributable to disruption of the m5C regulatory axis. Consistent
with the established role of TaTHI2 in ROS-mediated resistance [29], the loss of the TaTHI2
m5C modification significantly reduced the ROS accumulation, as shown by the DAB
staining and quantitative analysis (Figure 4a,b), and concomitantly increased the CWMV
RNA and CP levels (Figure 4c,d). These results directly link m5C-dependent transcript
stabilization to ROS-mediated antiviral defense.

Plant viruses commonly hijack the host RNA modification machinery to favor replica-
tion [38]. In wheat, TaNSUN2 is recruited to the CWMV replication complexes to deposit
m5C marks on viral RNAs, enhancing the viral RNA stability and accumulation [17].
Our findings revealed that TaNSUN2 simultaneously targets the host resistance transcript
TaTHI2, indicating a dual role in the CWMV pathosystem. Accordingly, we put forward
a hypothesis explaining the dynamic alterations in substrate allocation within wheat plants
upon CWMV infection. The early TaNSUN2-mediated stabilization of TaTHI2 may con-
tribute to the initial host defense. As the infection progresses, viral recruitment increasingly
biases TaNSUN2 activity toward viral RNA, ultimately favoring infection. The partial
retention of host-directed methylation likely generates a competitive balance between viral
exploitation and host defense maintenance. While our results establish a functional link
between TaNSUN2-mediated m5C modification and TaTHI2-dependent antiviral defense,
the mechanisms underlying the substrate selection and downstream interpretation of m5C
marks remain to be further explored.

Collectively, our findings support a model in which TaNSUN2 modulates host antivi-
ral immunity by mediating the m5C modification of the TaTHI2 transcript and elevating
its mRNA stability (Figure 5). This modification stabilizes TaTHI2 transcripts, sustains
TaTHI2 accumulation, and promotes ROS-mediated defense against CWMV. Disruption
of the m5C-dependent regulatory axis compromises TaTHI2 stability, attenuates ROS pro-
duction, and facilitates viral infection. These findings suggest that TaTHI2 mRNA m5C
modification is a key post-transcriptional control point in CWMV resistance, highlight
TaNSUN2-dependent RNA methylation as an integral component of host antiviral de-
fense, and further implicate the m5C-mediated regulation of host transcripts in plant
antiviral immunity.

Figure 5. Working model of TaNSUN2-mediated m5C regulation of TaTHI2 during Chinese wheat
mosaic virus (CWMV) infection. During CWMV infection, TaNSUN2 binds TaTHI2 mRNA and is associated
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with m5C modification at cytosine 830 (C830). This modification enhances TaTHI2 mRNA stability,
sustains TaTHI2 accumulation, and promotes reactive oxygen species (ROS) production, thereby
restricting CWMV infection. The disruption of m5C modifications at C830 leads to reduced TaTHI2
mRNA stability, decreased ROS accumulation, and enhanced viral infection. In addition, the yellow
stars in the figure mark the C830 site with the potential for m5C modification, whereas the crosses
represent the U830 site that is not subject to m5C modification.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/agronomy16090921/s1. Figure S1: Phenotypic responses and viral
coat protein accumulation in wheat cultivar ‘Fielder’ following CWMV infection; Table S1: Primers
used in this study.
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