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SUMMARY

The economically important bamboo species Dendrocalamus latiflorus Munro (D. latiflorus) exhibits highly

susceptible to Bamboo mosaic virus (BaMV), resulting in severe growth and development impairment. How-

ever, the proteomic profiles, transcript processing dynamics, and their coordinated posttranscriptional regu-

lation during bamboo–virus interactions remain uncharacterized. Tandem mass tag (TMT)-based

quantitative proteomic revealed suppression of photosynthesis-related proteins and upregulation of protein

synthesis and degradation, antioxidant within D. latiflorus during BaMV infection. Moreover, the APR1 pro-

tein serviced as a regulatory hub for connecting sulfur metabolism, antioxidant, and photosynthesis. Inte-

gration of nanopore direct RNA sequencing (DRS) data revealed reduced D. latiflorus full-length read ratios,

consequently attenuating transcriptome and proteome correlation. BaMV-infected bamboos presented pref-

erential usage of distal poly(A) site and lengthened poly(A) tail lengths (PALs) of pathogenesis-related (PR)

genes. Epitranscriptome analysis showed increased N6-methyladenosine (m6A) ratios in POR (chlorophyll

synthesis) and NCED1 (abscisic acid synthesis), which coupled with reduced transcriptional levels. In total,

122 potential m6A modification sites were found in BaMV, with AAACA representing the predominant con-

sensus motif. Collectively, these results offer insights into posttranscriptional regulation networks during

bamboo–BaMV interactions.

Keywords: BaMV, Dendrocalamus Latiflorus, N6-methyladenosine, Nanopore direct RNA sequencing, Post-

transcriptional, Virus–Host Interaction.

INTRODUCTION

As the most prevalent dynamic modification in eukaryotic

mRNA, N6-methyladenosine (m6A) has been demonstrated

to be extensively involved in the host–virus interactions.

Viral mRNA can exploit m6A to stabilize the modified

sequences, such as wheat yellow mosaic virus (WYMV)

which utilized TaMTB to promote viral replication, or as a

molecular marker “camouflaged” as endogenous RNA to

evade immune surveillance (Lu et al., 2020; Zhang

et al., 2022). Viral invasion can interfere with host RNA

methylation modifications, impacting antiviral functions

across pathological systems. For instance, rice black

streaked dwarf virus (RBSDV) and rice stripe virus (RSV)

infection increased overall m6A levels in rice, particularly

in genes associated with RNA silencing and phytohormone

metabolism (Zhang et al., 2021). Conversely, cucumber

green mottle mosaic virus (CGMMV) infection reduced

m6A levels in resistant watermelons, with hypomethylated

genes enriched in RNA synthesis and stress response path-

ways (He et al., 2021). In addition to m6A, pseudouridine

(Ψ) is another prevalent RNA modifications occurring in

both mRNA and noncoding RNAs (Roundtree et al., 2017;

Zhao & He, 2015) and also take place in the sequences of

RNA viruses (Campos et al., 2021). Therefore, it will be

important to investigate the RNA modifications in host–
virus interactions, as it may reveal the epigenetic regula-

tory mechanisms governing viral infection and host

responses.

Recent studies have highlighted the crucial role of

posttranscriptional regulation in host–virus interactions
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(Jia et al., 2017; Yuan et al., 2023). In addition to RNA mod-

ifications, processes including alternative splicing and

polyadenylation profoundly affect gene expression

and host physiological responses (Engel et al., 2018; Galle-

gos, 2018; Sadek et al., 2019). Thus, high-resolution tran-

scriptomic profiling is essential to uncover the molecular

mechanisms driving host responses to viral infection.

Oxford Nanopore’s direct RNA sequencing (DRS) enables

single-base resolution detection of RNA modifications,

accurate poly(A) tail length (PAL), and isoform identifica-

tion, quantification offering insights into alternative splic-

ing and polyadenylation (Gao et al., 2022; Mulroney

et al., 2022; Wang et al., 2021; Yu et al., 2023). Alternative

polyadenylation (APA) generates transcript isoforms diver-

sity during pre-RNA processing (; Tian and Manley, 2017a),

a posttranscriptional implications for nuclear export, gene

expression, eukaryotic cell differentiation and proliferation,

as well as stress responses (Floor & Doudna, 2016; Shen

et al., 2011; Tian and Manley, 2017b; Wu & Bartel, 2017). In

rice, bacterial blight (BB) and RSV infection altered APA

events in genes related to chlorophyll metabolism, linked

to leaf disease development (Ye et al., 2019). Vesicular sto-

matitis virus (VSV) infection led to truncated 30 untrans-

lated regions (30UTRs) and markedly reducing 30-end
processing factor expression (Jia et al., 2017). Moreover,

genes with altered APA profiles and mRNA levels were

linked to the host immune response, highlighting APA’s

pivotal role in antiviral defense. The polyadenylated tail is

essential for mRNA stability and translation (Passmore &

Coller, 2022). Viruses protect their transcripts by adding

non-adenosine nucleotides to the poly(A) tail (Kim, Lee,

Jung, et al., 2020). Under homeostatic conditions, highly

translated and stable RNAs typically possess shorter

poly(A) tails (Passmore & Coller, 2022). Heat-responsive

transcripts displayed elongation of the poly(A) tail, accom-

panied by enhanced protein expression (Wu et al., 2020).

However, the regulatory mechanisms of PAL during plant

stress remain largely uninvestigated.

Bamboo is an economically important species; yet its

growth is severely threatened by Bamboo mosaic virus

(BaMV). In susceptible hosts like D. latiflorus, BaMV infec-

tion causes leaf mosaic symptoms with alternating yellow

and green stripes, necrosis in young shoots and stems,

and even clump death (Lin et al., 1993, Hsu & Lin, 2004,

Nelson & Borth, 2011). As a member of Potexvirus, BaMV

possesses a 6366 nt positive-sense single-stranded RNA

genome, with a 5’m7GpppG cap and 150 ~ 300 nt poly(A)

tail (Li et al., 2001). The viral RNA contains five open read-

ing frames (ORFs). After invading host cells, negative

strand RNA synthesis, genomic RNA (gRNA) replication,

and 30 co-terminal subgenomic RNAs (sgRNAs) are carried

out within chloroplasts, including TGBsgRNA and sgRNA2

for transcription of downstream TGB protein and CPsgRNA

for transcription of coat protein (CP), respectively (Cheng &

Tsai, 1999; Huang et al., 2021). BaMV imposes substantial

damage on bamboo production. Understanding BaMV-

bamboo interactions is crucial for developing control mea-

sures against this viral pathogen.

In this study, we utilized DRS and TMT proteomics to

comprehensively analyzed RNA modifications including

m6A and Ψ, ratio of full-length reads, PAL, and proteome

changes in D. latiflorus during BaMV infection. Our results

indicated that BaMV infection disrupted the correlation

between transcription and protein levels. We also found

increased m6A modification of POR and NCED1 accompa-

nied by a decline in transcriptional levels. Moreover, viral

infection caused the overall APA sites to shift toward the

distal sites. Multiple pathogenesis-related (PR) gene fami-

lies exhibited an overall longer PAL after BaMV infection.

In addition, we identified potential m6A sites in BaMV

sequence, with the preferred motif being AAACA. In sum-

mary, these findings provide valuable information for elu-

cidating the involvement of posttranscriptional factors in

plant–virus interactions.

RESULTS

DRS transcriptome profiling of BaMV-infected D. latiflorus

To investigate D. latiflorus responses to viral infection, we

collected leaf samples from mock-inoculated (CK) and

BaMV-inoculated bamboos for DRS libraries construction.

Subsequently, we employed Illumina next-generation

sequencing to correct DRS long-read. Sequencing across

four MinION flow cells generated a total of 1.9 million long

reads. Alignment analysis revealed that 92.70% (CK group)

and 67.19% (BaMV group) were mapped to the D. latiflorus

genome, with 19.14% of infected group reads mapping to

the BaMV genome, indicating successful BaMV infection

(Figure 1a). Despite the 30-end bias in DRS reads, coverage

analysis showed that the reads almost covered the entire

BaMV genome and gradually enriched toward the 30-end
(Figure 1b). The precise alignment of ORF5’s initiation site

of CPsgRNA, along with increased coverage (Figure 1b),

strongly suggested CPsgRNA accumulation in D. latiflorus.

BaMV infection reduced the proportion of full-length

transcripts

Full-length read ratios are intricately associated with host

RNA synthesis and degradation. In D. latiflorus, full-length

reads presented uniform coverage across the annotated

CDS region, while truncated reads accumulate toward the

30-end (Figure 1c). The proportion of full-length reads

decreased from 23.78% (CK) to 22.18% in BaMV-infected

samples (Figure 1d), indicating a modest reduction in

full-length read. Differential full-length ratios analysis iden-

tified 48 genes with increased and 360 with decreased

full-length read proportions (P < 0.05, Fisher’s exact test),

indicating that BaMV infection predominantly reduced
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full-length representation (Figure 1e, Table S1). We ana-

lyzed the expression and protein levels of these 408 genes

and found that 140 genes and 31 proteins were differen-

tially expressed, respectively. Moreover, most of these

genes were characterized by a decrease in full-length pro-

portion accompanied by downregulated expression

(Figure S1). Previous studies have reported that NbTRXh2,

a member of the thioredoxin family targeted TGBp2 to

restrict BaMV movement (Chen, Chen, et al., 2018). In D.

latiflorus, full-length proportion of DlaTRX1, another thior-

edoxin gene involved in regulating cellular oxidative

homeostasis, decreased from 34.2 to 22.3% (Figure 1f),

highlighting the distinct roles of TRX family genes in anti-

viral defense and basic metabolic processes. GO enrich-

ment revealed genes with reduced full-length proportions

were predominantly associated with energy transport, pho-

tosynthesis, and redox processes within chloroplasts

(Figure S2). Conversely, genes with increased full-length

proportions were primarily associated with mRNA splicing,

signal transduction, and endonuclease activity (Figure 1g).

Notably, a U1 snRNP splicing factor gene exhibited coordi-

nated increase in both full-length transcript proportion

(27.88%) and protein abundance (Figure 1h). Alternative

splicing (AS) analysis revealed retention of introns (RI) and

alternative 30 splice site selection (A3SS) as the predomi-

nant events (Figure S3a), BaMV infection caused the great-

est reduction in A3SS events. Additionally, most

transcripts exhibited single AS event (Figure S3b), with

A3SS and alternative 50 splice site selection (A5SS) being

the most prevalent combination of multiple AS events. Dif-

ferentially splicing analysis (|dPSI| >0.1, P < 0.05) yielded

129 increased events and 220 decreased splicing levels

(Figure 1i), suggesting that BaMV infection may modulate

the bamboo splicing process.

BaMV infection altered protein accumulation in

D. latiflorus

Viral infection induces widespread proteomic changes,

with leaves representing essential organs for plant–virus
interaction research (Souza et al., 2019). Therefore, we

used TMT labeling to quantify leaf proteomes in

BaMV-infected and mock-inoculated D. latiflorus. Using a

cutoff of P < 0.05 and fold-change greater than 1.5 as dif-

ferentially expressed proteins (DEPs), we identified 329

upregulated and 297 downregulated proteins (Figure 2a

and Table S2). Key upregulated proteins included ascor-

bate peroxidase (APX), the growth-regulating transcription

factor LBD29, and stress-responsive cathepsin L (CTSL)

(Figure 2a). Conversely, immune-related NLR-C3 and

peroxidase-regulating PEX11B proteins were downregu-

lated, potentially facilitating BaMV evasion. Through inter-

rogation of the PlantTFDB (Tian et al., 2019), we identified

one downregulated and six upregulated transcription fac-

tors (TFs) among DEPs (Figure 2b). These TFs homologous

to other species regulate diverse processes involved in leaf

senescence and intracellular transport, flowering inhibi-

tion, light signal regulation, and photoprotective

responses, respectively (Guo & Gan, 2006; Lin & Wang,

2004; Pascual et al., 2016; Rauf et al., 2013; Schmitz

et al., 2005; Shaikhali et al., 2012). Although the protein

abundance of these genes was not detected in proteomic

data, transcriptome analysis revealed increased AAO3 and

chlorophyll-degradation-related genes after infection

(Figure 2c), consistent with previous research, which has

shown that AtNAP activates AAO3 to promote chlorophyll

degradation (Yang et al., 2014).

Upregulated DEPs revealed GO enrichment for

ubiquitin-dependent metabolism, proteasome function,

translation, regulation of abscisic acid synthesis, heat

stress response, and apoptosis-related peptidase inhibition

(Figure S4). Downregulated DEPs were enriched for photo-

synthesis, sugar metabolism, and methylation processes

(Figure 2d). Plants actively suppress photosynthesis during

immunity, promoting ROS accumulation in chloroplasts to

enhance defense (Su et al., 2018). BaMV infection reduced

light-harvesting complex (LHC) and oxygen-evolving com-

plex (OEC) protein levels, impairing chloroplast energy

capture and light energy conversion (Figure 2e, Table S3).

Collectively, these findings indicate that BaMV, like other

plant viruses, suppresses bamboo photosynthesis.

We reconstructed the protein–protein interaction (PPI)

network of bamboo in response to BaMV using Oryza

sativa as a reference from STRING database (Szklarczyk

et al., 2023). The network encompassed key virus–plant
interaction processes, including photosynthetic reactions

and carbon fixation, protein translation and transport, pro-

tein repair, glutamine biosynthesis, and starch metabolism

(Figure 2f, Table S4). High connected hubs included APR1,

GLN1-1, RCABP89, and Q2R8U5_ORYSJ. Viral infections

typically reprogrammed plant metabolism, especially in

sulfur, nitrogen, and antioxidant pathways (H€oller

et al., 2010; Kogov�sek et al., 2016). The sulfur metabolism,

APR1, a chloroplast-localized protein linked glutamine-

family amino acid biosynthesis and photosynthetic carbon

fixation. APR1 might equips bamboo to counter the stress

imposed by BaMV infections by modulating antioxidant

defenses, protein repair mechanisms, and photosynthetic

efficiency. RCABP89 and Q2R8U5_ORYSJ similarly act as

key nodes, connecting photosynthesis with glutamine syn-

thesis and protein translation, respectively.

Alterations in transcriptional and proteomic consistency

upon BaMV infection

To investigate the concordance between protein and

mRNA levels during infection, we used RNA-seq to profile

D. latiflorus transcriptomic changes upon BaMV infection,

identifying 2139 upregulated and 2164 downregulated

genes (Table S5). The protein-to-transcript ratio (PTR = FC
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protein/FC mRNA) showed median log10 values of 0.01 for

all matched genes (n = 6944) and �0.004 for non-

differentially expressed genes (n = 5550) (Figure S5a,b),

while 1394 genes with differential expressed genes exhib-

ited a bimodal FC ratio distribution with distinct peaks at

�0.245 and 0.23 (Figure S5c). Overlap analysis between

DEPs and DEGs revealed 17.93% (59/329) upregulated and

35.0% (104/297) downregulated proteins showed concur-

rent changes (Figure 2g). Upregulated DEPs showed

greater PTR than downregulated DEPs (Figure 2h).

Drought stress reduced transcription–protein correla-

tions (Gao et al., 2022). Here, we measured Pearson

correlations (Corp) between mRNA from DRS and proteins

during BaMV infection. mRNA (RPM-normalized, log2)

and protein (BaMV rep2-normalized, log2) abundances

showed full-length mRNA bimodal in 0 ~ 3, non-full-length

median ~ 3.8, and protein median 10.7 (Figure S6). BaMV

infection reduced Corp for both non-full-length (Figure 2I)

and full-length mRNAs (Figure 2J), suggesting BaMV inter-

ference with host posttranscriptional regulation and transla-

tion processes. Among genes categorized by expression

levels, those with high expression (RPM ≥9) had the lowest

Corp values for non-full-length transcripts (Figure 2I), but the

highest Corp values for full-length transcripts (Figure 2J).

Next, we clustered full-length and non-full-length tran-

scripts by KEGG pathway enrichment to analyze BaMV

infection-induced changes in their Corp. Among full-length

transcripts (Figure S7), pathways showed higher Corp indi-

cating improved transcription–translation coordination,

while 45 pathways had 27 lower Corp suggesting

decoupled regulation. Non-full-length transcripts had

increased Corp in 61 and decreased in 67 pathways

(Figure S8). Interestingly, the correlations of some path-

ways were reversed in viral infection, for example, the Corp
of the core component genes of the spliceosome U1

snRNP A (K11091) changed from negative to positive in

non-full-length reads (Figure S8). Viral infection disrupts

host carbon metabolism, with class I fructose-

bisphosphate aldolases, key enzymes in glycolysis and glu-

coneogenesis (Wu et al., 2013), serving as critical plant–
virus interaction targets. Full-length (Figure S9a) and non-

full-length transcripts (Figure S9b) in the class I aldolase

pathway (K01623) showed reduced Corp with BaMV infec-

tion, aligning with global correlation trends.

BaMV infection globally increased m6A modification in

D. latiflorus

Methyltransferase complex components MTA, HAKAI, and

YTHDF family members ECT5/ECT6 showed virus-

responsive expression (Postnikova & Nemchinov, 2012),

highlighting the universal involvement of m6A in plant–
virus interactions. We used DRS data to identify modifica-

tions at single-nucleotide resolution and detected 24 446

(CK) versus 26 804 (BaMV) m6A sites on 7449 versus 8406

genes, respectively (Figure 3a). Analysis of distribution

showed CDS and 30UTR regions contained >98% of total

modified sites (Figure 3b). Median modification ratio

increased from 0.43 (CK) to 0.46 (BaMV) further demon-

strated global m6A upregulation (Figure 3c). BaMV upregu-

lated m6A writer gene Virilizer_B1 and downregulated m6A

eraser gene ALKBH10B(10A)_B1 at the transcriptional level

(Figure 3d and Table S6). Proteomic data indicated that the

protein abundance of WTAP_C1 increased 1.6-fold after

BaMV infection. The changes of these writer and eraser

genes likely contribute to the elevated m6A modification

under BaMV infection.

Reader protein YTHDF2 binds to m6A sites to promote

mRNA degradation (Wang et al., 2014). In addition,

YTHDF3 acts in concert with YTHDF1 to enhance the trans-

lation of target mRNAs (Li et al., 2017). BaMV upregulated

the expressions of two YTHDF2 and one YTHDF3 genes

suggesting these changes may influence mRNA stability

and translation efficiency. Moreover, BaMV also induced

m6A modifications of the regulatory factors themselves.

Four regulatory factors (HAKAI_A1, WTAP_A1, YTHDC1_B1,

and YTHDF2_A1b) acquired specific modification sites

(Figure S10).

The hypersensitive response mediated by resistance

(R) genes is a pivotal mechanism of host resistance (Sett

et al., 2022). We identified 364 R genes in D. latiflorus, all

belonging to the CC-NBS-LRR (CNL) type and BaMV

increased their overall expression (Figure S11a). Notably,

40 CNL genes showed transcript-level upregulation, with

PB-LRR (phyB-regulated NBS-LRR gene) exhibiting the

most pronounced increase at the protein level (Table S7

and Figure S11a), indicating its potential central role in the

plant’s antiviral defense. Conversely, the expression of

RPS2 (NL type) declined significantly, possibly due to

Figure 1. Nanopore sequencing data and full-length read ratio changes upon BaMV infection.

(a) DRS reads statistics for CK and BaMV-infected samples.

(b) Coverage profile of Nanopore sequencing reads across the BaMV genome.

(c) Coverage distribution of full-length and non-full-length reads along transcripts.

(d) Bar plot showing the overall proportion of full-length reads in CK and BaMV.

(e) Scatterplot displaying differential full-length ratios upon BaMV infection.

(f) Wiggle plot and bar chart demonstrating full-length ratio and expression of DlaTRX1 after infection.

(g) GO enrichment analysis of genes with significantly increased full-length ratios.

(h) Wiggle plot and bar chart showing increase in full-length ratio and protein abundance for a gene with splicing factor activity.

(i) Scatterplot of differential splicing events (|dPSI| >0.1 and P < 0.05), with upper bar plot showing proportions of different splicing event types.
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BaMV-mediated suppression of host resistance (Table S3).

In total, we identified 14 m6A-modified CNL genes

(Figure 3e). Further investigation revealed that viral infec-

tion elevated the m6A modification levels of CNL genes,

paralleling increased expression (Figure 3e). Additionally,

the expression levels of hypomethylated genes were rela-

tively lower compared to hypermethylated genes

(Figure S11b). Moreover, modification-sites distribution

presented a 2.2% increase in the 30UTR and a 4.5%

decrease in the CDS region (Figure S11c).

We classified m6A-modified genes into three catego-

ries: constitutively modified genes (CMGs) in both CK

and BaMV; and specifically modified genes (SMGs) with

expression level RPM >0 in both CK and BaMV, detected

only in the control (SMGs-CK) or only in infected sam-

ples (SMGs-BaMV). We identified 6252 CMGs, 981 SMGs-

CK, and 1891 SMGs-BaMV. Specific modification sites

from SMGs showed higher m6A levels (Figure 3f) but

lower gene expression (Figure S12a,b) than CMGs. The

changes in site modification ratios of CMGs and SMGs

after BaMV infection were consistent with the changes in

overall modification ratios. SMG m6A sites were more

enriched near the 30 end (Figure S12c). SMGs-BaMV

were significantly enriched in autophagy-related pro-

cesses, suggesting antiviral defense (Figure 3g and

Figure S12d).

We identified differentially m6A sites at single-

nucleotide resolution in D. latiflorus under BaMV infection

(Table S8). BaMV induced 528 hyper- and 165 hypomethy-

lated sites, corresponding to 461 and 154 genes, respec-

tively, suggesting that D. latiflorus may enhance m6A

methylation in response to BaMV invasion (Figure 3h).

Motif analysis revealed that hypomethylated sites were

enriched in the GGACA motif associated with ubiquitin-

dependent protein metabolism, calcium signaling, protein

transport, lipid biosynthesis, and photosystem activity

(Figure S13). Differential m6A sites showed enrichment in

the CDS region and near the stop codon (Figure 3i). GO

enrichment analysis of hypermethylated genes revealed

terms associated with photosynthesis, superoxide metabo-

lism, the TCA cycle, protein processing, and redox regula-

tion (Figure S14a). Hypomethylated genes were linked to

photosynthesis, arabinose metabolism, energy production,

and antioxidant activity (Figure S14b).

We integrated m6A, transcriptomic and proteomic

datasets to explore their interplay during BaMV infection.

The main category showed elevated RNA modifications

associated with decreased transcription and protein levels

(Figure 3j, Table S9). Notably, several genes or proteins in

the fourth quadrant (hyper-down) are involved in m6A-

mediated host–virus interactions. BaMV infection can

cause chlorosis symptoms in bamboo, which are often

attributed to disrupted chlorophyll biosynthesis or exces-

sive accumulation of ROS (Khanna-Chopra, 2012; Lan

et al., 2010; Liu et al., 2014; Shimura et al., 2011). Virus-

induced ROS accumulation in host plants is commonly

counteracted by peroxidases, which play crucial roles in

ROS detoxification and enhancing plant resistance (Jiang

et al., 2023; Navrot et al., 2006). The glutathione peroxidase

gene GPx showed hypermethylation and downregulated

expression (Figure 3j). Chlorophyll genes MgPME cyclase

and protochlorophyllide reductase (POR) exhibited hyper-

methylation accompanied by reduced expression

(Figure 3k). These findings indicated that m6A-mediated

regulation may influence symptom by modulating the

expression of genes involved in chlorophyll biosynthesis

and antioxidant defense.

Previous studies have shown that ABA2 involved in

viral accumulation (Alazem et al., 2014). BaMV infection

also modulated the abscisic acid (ABA) biosynthesis path-

way in D. latiflorus. The expression of the upstream ABA

biosynthetic genes DlaZEP (zeaxanthin epoxidase) and

DlaNCEDs (9-cis-epoxycarotenoid dioxygenases) were

downregulated, while DlaAO3 and its downstream genes

were upregulated (Figure 3l). Meanwhile, ABA degradation

genes, including the receptor gene DlaPYL9 and ABA 80-
hydroxylase gene DlaCYP707A5, were downregulated,

potentially altering the levels of ABA (Figure 3l). Addition-

ally, we observed that the m6A modification of DlaNCED1

was significantly increased in the 30UTR region, while the

modification of CYP71A19 in the CDS region was

decreased indicating position-specific effects (Figure 3m,

Figure S15).

Pseudouridine modification dynamics during viral

infection

Pseudouridine (Ψ) is the second most abundant internal

modification in mRNA (Li et al., 2015; Ramakrishnan

Figure 2. Proteomic changes in D. latiflorus under BaMV infection based on mass spectrometry.

(a) Scatterplot of protein fold changes, with red and blue dots representing significantly up- and downregulated proteins (FC >1.5, P < 0.05), respectively.

(b) Heatmap showing protein abundance changes of transcription factors.

(c) Bar plot displaying expression changes of AAO3 and downstream chlorophyll degradation genes.

(d) Lollipop chart of GO enrichment for downregulated proteins.

(e) Bar plot showing FC changes in light-harvesting complex and oxygen-evolving complex proteins.

(f) PPI network of differential proteins, with node size indicating interaction scores and top 10 hub proteins labeled in red.

(g) Venn diagram showing overlap between differentially expressed proteins and genes.

(h) Distribution of PTR ratio (log10 transformed) for up- and downregulated proteins.

(i, j) Correlation between DRS transcript abundance and protein abundance in CK and BaMV infected groups for non-full-length (i) and full-length (j).
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et al., 2022), playing important roles in translation regula-

tion and mRNA stability (Kierzek et al., 2014; Schwartz

et al., 2014). We used NanoSPA (Li et al., 2025) to detect Ψ
sites from DRS data and identified 7071 and 4319 Ψ sites in

the control (CK) and BaMV-infected groups, respectively.

Among these, 2520 Ψ sites were uniquely detected in the

BaMV group (Figure S16a and Table S10). The distribution

of Ψ sites across transcript regions was uneven, with pre-

dominant enrichment in 30UTR (Figure S16b).

Multiple coexisting modifications frequently occur on

the same RNA molecule, exemplifying the complexity of

epitranscriptomic regulation. By simultaneously profiling

m6A and Ψ modifications, we explored their potential inter-

play under BaMV infection. Over half of the modified tran-

scripts contained at least one or two m6A or Ψ sites, and

transcripts bearing more than five m6A sites were more

common than those with multiple Ψ sites (Figure S16c).

Genes with co-occurring m6A and Ψ exhibited higher

expression levels than those with only one type of modifi-

cation. Furthermore, these dual-modified genes displayed

higher expression in BaMV-infected group compared to

the CK group (Figure S16d). Notably, co-occurring m6A

and Ψ sites showed nonrandom spatial distance, suggest-

ing potential coordination (Figure S16e). GO enrichment

analysis of BaMV-specific Ψ-modified genes revealed sig-

nificant enrichment in photosynthesis, protein degrada-

tion, and translation initiation processes (Figure S17).

Global alteration in poly(A) site usage under BaMV

infection

Alternative polyadenylation (APA) is a pivotal posttran-

scriptional regulation that generates diverse mRNA iso-

forms with variable 30UTR lengths (Mayr, 2016; Tian and

Manley, 2017b). DRS data revealed 1302 and 673 APA-

associated genes in CK and BaMV-infected groups, respec-

tively. The majority of these genes harbored two distinct

APA sites (Figure 4a). The length distribution of alternative

30UTR (aUTRs) in the CK group presented peak at 98 nt,

slightly longer than that in the BaMV group (Figure 4b).

Among genes with a single polyadenylation site (PAS), the

median 30UTR length in the CK group was longer than that

in the BaMV group (Figure 4c). For genes harboring multi-

ple PASs, we selected the two most abundant polyadenyla-

tion sites as the proximal (pPAS) and distal (dPAS) PAS. In

BaMV-infected samples, we observed more dPAS usage

(Figure 4d and Table S11). The log2-transformed ratio

between dPAS and pPAS isoform abundance (RED) was

0.12, indicating a global shift toward proximal to distal

usage. For example, the COI1b gene, encoding a jasmo-

nate receptor critical for disease resistance (Qiu

et al., 2022), exhibited an increased distal usage ratio upon

BaMV infection (Figure 4e). We identified five categories of

core and auxiliary APA-related factors (Table S6 and

Figure S18). Notably, PABPN1, a known regulator of distal

PAS selection (Jenal et al., 2012), was upregulated upon

BaMV infection (Figure 4f), possibly contributing to PAS

usage and influencing APA regulation under BaMV

infection.

GO analysis of APA shifted genes revealed that genes

favoring dPAS were enriched in ion transport, mitochon-

drial energy metabolism and translational elongation, as

well as photosynthesis, protein quality control and degra-

dation, and lysine biosynthesis (Figure S19a). In contrast,

genes preferring pPAS were involved in photosynthesis,

carbohydrate derivative metabolic process, ubiquitin-

dependent protein degradation and signal transduction

(Figure S19b).

Genes with significant 30UTR changes upon BaMV

infection also exhibited altered protein-to-RNA ratios (PTR

ratios, Figure 4g). This result aligns with previous studies

which have shown that mRNA 30UTR length influences

protein output (Mayr & Bartel, 2009; Sandberg et al., 2008).

Integrative analysis of APA dynamic and proteomics pro-

files revealed that 68% (17/25) of proteins showed a nega-

tive correlation between 30UTR length and abundance

(Figure 4h and Table S12). Notable examples included a

redox homeostasis gene, in which a shift toward distal

PAS usage coincided with decreased protein and transcript

levels (Figure 4i). Conversely, a transcription corepressor

gene exhibited a preference for proximal PAS usage

Figure 3. BaMV-induced m6A modifications alterations in D. latiflorus.

(a) Venn diagram of m6A-modified sites and genes in CK versus BaMV groups.

(b) Density plot and bar chart showing distribution and proportions of m6A sites on annotated genes.

(c) Box plot of overall modification ratio (t-test, ***P < 0.001).

(d) Heatmap of m6A regulator changes at transcript and protein levels and genes.

(e) Raincloud plot showing modification ratios and expression of CNL-type genes with m6A.

(f) Box plot comparing modification ratios between group-specific and shared modified sites.

(g) Top 20 enriched biological processes for specially modified genes upon BaMV infection.

(h) Scatterplot of differential modified sites and bar plot presented motif frequency for hypo- and hypermethylated sites.

(i) Density plot of differential sites along transcripts.

(j) Association analysis between differential modifications and expression/protein changes.

(k) Wiggle plots of m6A site and expression of DlaPOR.

(l) ABA pathway with heatmaps of m6A, PAL, TPM, and protein changes.

(m) Wiggle plot of m6A site and expression of DlaNCED1.
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alongside an increased protein level, despite a decrease in

its mRNA level (Figure S20), implicating APA as a likely

posttranscriptional mechanism enhancing its protein

output.

The enrichment of m6A modifications at the 30 end

suggests a possible role in APA-mediated gene regulation.

We also observed that some differentially polyadenylated

genes exhibited altered m6A modification ratio within their

30UTRs, particularly those related to protein degradation

and redox balance (Figure 4j and Table S12). For instance,

thioredoxin encoding gene displayed 30UTR shortening

and increased m6A modification in the 30UTR region upon

BaMV infection (Figure 4k).

Alterations in poly(A) tail length upon viral infection

The 30 poly(A) tail, an essential nuclear modification during

mRNA synthesis, is critical for nuclear export (Colgan &

Manley, 1997). Using Nanopore DRS, we assessed PAL

changes following BaMV infection. The median

PAL increased from 69.97 nt in CK to 74.49 nt in BaMV-

infected samples (Figure 5a), indicating a global tail length-

ening. In effector-triggered immunity (ETI), one of the

downstream responses following effector recognition and

signal transduction is the induction of pathogenesis-

related (PR) proteins (Cui et al., 2015), originally identified

in tobacco infected with tobacco mosaic virus (van Loon &

Kammen, 1970). Among 419 identified pathogenesis-

related (PR) proteins (Table S6 and Figure S21), specially

cysteine-rich secretory protein PR-1, encoding chitinase

PR-8, stress-resistance-related PR-5, peroxidase PR-9, and

germinoid protein PR 15/16, exhibited PAL extension and

increased transcript abundance (Figures 5B

and Figure S22a). A subset of these PR transcripts also

exhibited changes in m6A modifications and protein level

(Figure S22a,c). For example, PR-17-1 and PR-17-2, abscisic

acid-inducible secreted proteins, involved in plant–
pathogen defense (Kuwabara et al., 1999), which showed

notable protein-level induction upon infection (Table S3).

In contrast, the immune-related protein PR-1-16 and the

peroxidase PR-9-190 exhibited decreased abundance

(Table S3).

In total, we identified 123 genes with significantly

shortened PAL and 312 genes with significantly lengthened

PAL following BaMV infection, suggesting a tendency

toward PAL extension in response to BaMV invasion

(Figure 5c). For example, a PR-9-33 gene and bZIP48

involved in jasmonic acid biosynthesis showed PAL

increases of 87.29 nt and 37.63 nt, respectively (Figure 5d).

Significant PAL extension was also observed in m6A writer

genes (MTB_B1, HAKAI_A1) and JAZ7 gene (Figure S23a).

Conversely, genes such as poly(A)-binding protein (PabN/-

PabI), an antioxidant defense response gene (BIP130), and

ALKBH10C_C1 exhibited significant PAL shortening

(Figure S23b). GO enrichment showed that genes with PAL

extension were associated with transcription initiation, pro-

tein synthesis and processing, ABA biosynthesis regula-

tion, and heat response (Figure S24a), while those with

PAL shortening were linked to mRNA splicing, drought

response, chromatin remodeling, cell division, and protea-

some assembly (Figure S24b).

PAL is known to affect mRNA stability and translation

efficiency, with shorter tails generally associated with

higher transcript abundance (Lima et al., 2017; Subtelny

et al., 2014). Correlation analysis revealed 66 DEGs and 19

DEPs that were associated with PAL alterations (Figure 5e

and Table S13), with approximately two thirds showing a

negative correlation between PAL length and transcript

abundance. Of particular interest, the gene encoding the

heat shock 70 protein in the second quadrant and the

NPR1 gene regulating ABA synthesis in the fourth quad-

rant, indicated a potential PAL-associated regulation of

their transcript levels upon BaMV infection.

Through Pearson correlation coefficient analysis, we

evaluated the relationships among PAL length, transcript

abundance, and protein abundance (Figure 5f). A subtle

negative correlation was observed between PAL length and

transcript abundance (RPM). In contrast, PAL exhibited mini-

mal correlation with protein abundance, indicating limited

influence. We also observed a weak correlation between

full-length ratio and expression (Figure S25). To further

explore the link between PAL and full-length ratio, an indica-

tor of transcript half-lives, we found that full-length reads

Figure 4. Global changes in poly(A) site usage upon BaMV infection.

(a) Bar plot of number of genes with different poly(A) clusters (PACs).

(b) Density plot of alternative UTR (aUTR) length distribution.

(c) Violin plot of 30-UTR length change for genes without APA (Single) and genes with APA (only the proximal most and the distal most 30-UTR isoforms are

plotted, t-test, **0.01 < P < 0.05). The y-axis represents the distance between the poly(A) site and the 30 end of the last coding sequence (CDS).

(d) Scatterplot of poly(A) changes between proximal (pPAS) and distal (dPAS) sites.

(e) Wiggle plot showing abundance changes of pPAS and dPAS, with bar plot presenting dPAS/pPAS ratio.

(f) Bar plot of PABPN1 protein abundance changes (t-test, *P < 0.05).

(g) Box plot with jittered scatter plot of PTR ratios associated with PAS usage. The middle line represented the changes in the PTR median.

(h) Scatterplot of associations between differential APA and protein abundance.

(i) Wiggle plot of a gene showing distal PAS usage with decreased expression and protein.

(j) Scatterplot of differential APA-m6A associations in 30UTRs.

(k) Example gene with proximal PAS usage and increased 30UTR m6A.
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had shorter PALs than non-full-length reads (Figure 5g), in

line with previous findings that transcripts with longer half-

lives tend to have shorter PALs (Chang et al., 2014). Addi-

tionally, both full-length and non-full-length reads in BaMV-

infected samples had slightly longer PALs than those in CK

samples (Figure 5g), consistent with the overall PAL exten-

sion observed upon infection.

We also investigated the relationship between PAL

and RNA modifications. Transcripts containing m6A modi-

fications exhibited increased median PALs after BaMV

infection, whereas those Ψ modified transcripts showed

similar median PALs (Figure 5h). Both m6A and Ψ specific

sites in BaMV from PAL-altered transcripts were enriched

in the 30UTR region (Figure 5i).

Multilayered posttranscriptional regulation following viral

infection

Given that various factors (m6A, Ψ, PAL, and APA) modu-

late mRNA metabolism to influence transcript and transla-

tion, we performed a global correlation analysis to

decipher the interplay among each factor. We first quanti-

fied the overlap ratio between each factor, finding that

DEGs showed the highest overlap with DEPs. Among these

regulatory factors, m6A exhibited the strongest association

with both DEGs and DEPs (Figure S26). We further classi-

fied genes into different types. For instance, 17% of anno-

tated genes were found to harbor m6A modifications,

which were subsequently classified into five types accord-

ing to their modification profiles. BaMV-specific modified

genes constituted the largest proportion (Figure 6a and

Table S14). In the subsequent analysis, each pie chart

represented the ratio of the number of overlapping genes

to the total number of genes in the corresponding factors.

Association analyses of these gene types revealed that

DEGs associated with m6A-specific modifications were the

most abundant (Figure 6b). Next, we analyzed cross-factor

correlations among altered transcripts (Figure 6c). Among

DEGs and DEPs, 1.14% of DEGs and 1.6% of DEP-

associated transcripts were co-regulated by two factors.

Notably, 26% of transcripts with APA changes exhibited

associations with other regulatory factors, suggesting that

APA-altered transcripts are particularly susceptible to mul-

tilayered regulation during BaMV infection. Collectively,

these results demonstrate that posttranscriptional

regulatory factors dynamically reshape transcript/protein

abundances, with multifactor coordination in virus–host
interactions.

We further classified differentially expressed tran-

scripts and proteins based on their associations with the

four regulatory factors (m6A, Ψ, PAL, and APA). The pie

chart on the right displayed the proportion of overlapping

genes/proteins with two categories: genes regulated by a

single factor (e.g., differential m6A, Ψ, APA, or PAL only),

and those regulated by multiple factors (e.g., genes with

both differential m6A and differential PAL) (Figure 6d). The

results revealed that 13% of DEGs and 22% of DEPs were

associated with regulatory factors, with Ψ accounting for

the most associations (Figure 6d). These 13% of DEGs were

predominantly enriched in biological processes involving

translation element, zinc finger transcription factors regu-

lating plant flowering, inositol metabolism, and stress

responses (Figure S27). Among multifactor regulated tran-

scripts, the jasmonate signaling repressor (JAZ), a key

component in plant defense and stress resilience, exhibited

downregulated expression associated with loss of m6A

modification sites in the CDS and elongation of PAL

(Figure 6e and Table S15). For 22%, DEPs were primarily

associated with translation elongation factors, fructose-

bisphosphate aldolase activity, and thioredoxins that main-

tain redox homeostasis (Figure S27 and Table S15).

M6A profile and PAL of BaMV genomic and subgenomic

RNA

BaMV produces three 30-coterminal sgRNAs, namely

TGBsgRNA, sgRNA2, and CPsgRNA, initiating 11 ~ 16 nt

upstream of ORF2, ORF3, and ORF5 start codons respec-

tively (Lee et al., 1998). Therefore, the lengths of the gener-

ated sgRNAs follow the order of TGBsgRNA > sgRNA2 >
CPsgRNA. To avoid frequent 50-end degradation interfer-

ence complicating sgRNA discrimination, we analyzed only

full-length reads mapping to subgenomic regions. Reads

were assigned to specific sgRNAs based on alignment to

annotated transcription start sites and the 30UTR of the

BaMV genome. This approach identified 37 reads for

TGBsgRNA, 191 for sgRNA2, and 8927 for CPsgRNA. Addi-

tionally, 1325 reads spanning the 50UTR/ORF1 to the 30UTR

were classified as gRNA. Remaining reads were labeled

“undefined” (Table S16).

Figure 5. Host PAL changes and potential associations post infection.

(a) Density and violin plots of PAL length distributions.

(b) Box plot of median PAL changes in various PR gene types.

(c) Volcano plot of differential PAL changes.

(d) Box plots of PAL changes in PR-9-33 and bZIP48.

(f) Scatterplots of PAL correlations with expression, protein, and full-length ratios.

(g) Box plot of PAL changes for full-length and non-full-length reads (t-test, ***P < 0.001).

(h) Violin plot of PAL changes for genes with different modification type (t-test, ***P < 0.001).

(i) Distribution of BaMV-specific modified sites on PAL-changed (1.5-fold) transcripts.
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We identified m6A modification sites in BaMV gRNA

and sgRNAs. The median m6A modification ratio of BaMV

ranged from 0.13 to 0.18 and tended to decrease with

shorter RNA lengths (Figure 7a). Among assigned reads,

we identified 122 potential m6A modification sites, distrib-

uted across gRNA (122 sites), TGBsgRNA (37 sites),

sgRNA2 (24 sites), and CPsgRNA (20 sites) (Figure 7b).

Among all detected modification sites, AAACA was the

most frequent motif. Notably, the motif AAACC accounted

for 17.95% of CPsgRNA motifs versus 7.12, 10.14, and

12.71% in gRNA, TGBsgRNA, and sgRNA2, respectively

(Figure 7c).

Plant nucleotidyltransferases and polynucleotide

phosphorylases participate in organellar RNA polyadenyla-

tion and polyadenylate viral RNA (Chen et al., 2013). We

investigated PAL of BaMV gRNA and sgRNA and found

that the PAL of BaMV ranged from 150 to 300 nt, with

median lengths of 144.84 nt (gRNA), 133.79 nt

(TGBsgRNA), 148.95 nt (sgRNA2), and 100.90 nt

(CPsgRNA), all substantially longer than those of host tran-

scripts (Figures 7D and 5A). CPsgRNA, which encodes the

coat protein and is highly expressed (Lima et al., 2017),

showed the shortest PAL.

Some viral polymerases of RNA viruses (e.g., influ-

enza A virus and Lassa virus) cleave the 50UTR region of

the host transcript to obtain a functional upstream start

codon (uAUG) through a “cap-grabbing” process to gener-

ate chimeric host–viral RNA (Ho et al., 2020). RNA-seq

identified virus–host chimeric RNAs (Zhang et al., 2020).

Upon aligning long DRS reads to a combined reference

sequence of the BaMV genome and D. latiflorus transcrip-

tome, we identified a subset of potential chimeric reads

that spanned both the BaMV and bamboo annotated tran-

scripts, indicating their dual-origin alignment. After filter-

ing out reads with mismatched orientations or <50 nt

aligned on either end, we observed a clustering of junction

sites near the start of CPsgRNA (5494 nt) (Figure 7e). Most

host genes including fusion sites were downregulated after

BaMV infection, which suggested that chimeric RNA for-

mation might decrease host transcript abundance

(Figure 7f). Genes with 6–7 chimeric sites showed reduced

expression, and higher expressed genes generally had

more chimeric sites, but this pattern was not seen at the

protein level (Figure 7g). These findings hint at possible

BaMV-D. latiflorus chimeric RNAs.

DISCUSSION

Posttranscriptional modifications on viral RNA are

involved in viral replication cycles and host antiviral mech-

anisms (Wang et al., 2023). DRS sequencing identified at

least 41 m6A modification sites on SARS-CoV-2 RNA (Kim,

Lee, Yang, et al., 2020), highlighting its precision in viral

RNA methylation analysis. Building on these foundational

work, we infected D. latiflorus with BaMV and identified

122 potential m6A modification sites on viral RNA. Nota-

bly, the most common motif was AAACA, and we further

discovered a certain degree of preference for the AAACC

motif in CPsgRNA. For follow-up research, the causal rela-

tionship between m6A modification sites and BaMV adapt-

ability (such as viral replication and pathogenicity),

especially the consensus modification sites in the overlap-

ping regions of BaMV’s gRNA and sgRNAs, can be vali-

dated by integrating site-directed mutagenesis. This will

provide a new perspective for elucidating the molecular

mechanism and plant virus–host interaction of BaMV

infection in bamboo.

Since ONT data does not require reverse transcription

or amplification and can span long sequences, it can be

used to detect viral RNA chimerism. We found a small

number of virus–host chimeric reads in ONT data, with chi-

meric sites in viral RNA enriched near the transcription

start site of CPsgRNA. The generation of chimeric tran-

scripts via viral “cap-snatching” relies on two hypotheses:

(1) the host sequence cleaved by the virus contains an

upstream AUG (uAUG) that can initiate translation; (2) the

50 mRNA transcribed from the viral UTR lacks a stop codon

(Ho et al., 2020). Therefore, further analysis of the distribu-

tion characteristics of chimeric sites in bamboo transcripts

is needed, along with identification of whether the 50 host
sequence of chimeric reads contains uAUG or the 50 viral
sequence contains stop codons. Additionally, predicting

open reading frames (ORFs) of chimeric reads and search-

ing proteomics data can reveal whether chimeric proteins

are produced. In summary, the existence and fusion mech-

anism of BaMV-bamboo chimeric RNAs require further

exploration.

Figure 6. Multilayer factors coordination during BaMV infection.

(a) Pie chart of proportions affected by six regulatory layers in each change: “Specific” represents genes containing specific modification sites or multiple PAS

sites in that group, while “Differential” means genes with differentially modified sites. “Specific & Differential” indicates that the gene contains sites that have

both of the above characteristics. “Common” represents genes with m6A or pseudouridine modifications in both BaMV and CK groups.

(b) Pie charts showing pairwise intersections of genes across six regulatory layers: m6A modifications (differential and condition-specific sites), Pseudouridine

(Ψ; CK- or BaMV-specific sites), poly(A) tail length (PAL; longer/shorter tails), alternative polyadenylation (APA; distal vs. proximal site usage), differentially

expressed genes (DEGs; up-/downregulated), and differentially expressed proteins (DEPs; up-/downregulated).

(c) The bar plot displays the proportion of regulatory factor interactions, categorized as: Type 0 (isolated changes involving the single factor only), Type 1 (co-

occurrence with one additional factor), and Type 2 (Overlaps involving two additional factors).

(d) Pie charts showing the proportion of DEGs and DEPs that overlap with other regulatory factors.

(e) Wiggle plot of JAZ gene showing m6A loss, PAL lengthening, and decreased expression.
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Proteomic analysis of differential protein accumula-

tion in virus-susceptible hosts provides critical insights into

how viruses evade host immunity and whether plants can

restrict viral infection. In this study, BaMV infection

induced the downregulation of specific CNL and PR pro-

teins, whereas no significant protein downregulation was

observed in the RNAi component (Figure S28). In future,

these antiviral proteins can be regarded as potential sus-

ceptibility factors that help the virus evade or suppress

host immunity for further experimental validation. In our

proteomic data, BaMV causes a decrease in the abundance

of LHC and OEC in the photochemical reaction system. In

the protein–protein interaction (PPI) network of DEPs, we

observed reprogramming of metabolic processes beyond

photosynthesis, including starch metabolism, protein

translation and transport, protein repair, and glutamine

synthesis. Notably, APR1, a key hub connecting sulfur

metabolism, nitrogen metabolism, protein repair, and pho-

tosynthesis, may represent a critical gene for the host’s

multilayered metabolic responses to viral infection (e.g.,

antioxidant defense, damaged cell repair, and energy con-

version). It could also serve as a potential susceptibility

factor. Overall, changes in differential protein accumulation

indicate that BaMV infection triggers widespread metabolic

reprogramming and a series of pathological processes in

D. latiflorus. The shifts in protein abundance are likely gov-

erned by precise posttranscriptional regulation, accompa-

nied by coordinated changes at the transcriptional and

protein levels.

We used Pearson Correlation Coefficient (Corp) to

describe changes in the correlation between transcription

and protein. In most tissues of Arabidopsis,

transcription and protein levels exhibit positive correla-

tions (Pearson correlation r = 0.28–0.7) (Mergner

et al., 2020). In this study, the Corp values between tran-

scriptional and protein abundances were approximately

0.2 in both full-length and non-full-length reads, with viral

infection causing a downward trend in transcription–
protein correlation. Intact transcripts are known to enhance

translation efficiency, while 50-truncated transcripts may be

sequestered by viral mRNAs after ribosome release due to

their low translation efficiency. In this study, BaMV infec-

tion led to a downregulation of the proportion of full-

length of the host, which was not conducive to efficient

translation of D. latiflorus. Furthermore, the upregulated

full-length ratio and expression of splicing factors sug-

gested BaMV may affect AS. Leveraging the length advan-

tage of the DRS reads to identify AS events, we observed

the greatest reduction in A3SS events. Notably, the pres-

ence of BaMV RNA consumed a portion of the sequencing

reads, which consequently reduced the number of long

reads mapping to the host D. latiflorus genome in the

BaMV samples by 348 632 compared to the CK control. To

mitigate this disparity in initial read counts, we normalized

the reads by randomly down-sampling the CK sample to

match the number of host-mapped reads in BaMV sam-

ples. Subsequent analysis of AS events revealed a shift in

AS proportions (Figure S29). These results highlight that

disparities in read counts can confound AS analysis by

introducing sample-specific biases. Therefore, the AS

results presented in this study should be tentatively con-

sidered preliminary qualitative conclusions.

In recent years, studies have revealed that viruses

influence host physiology and pathology by remodeling

the host epitranscriptome, with m6A modification being

the most prominent example (Lichinchi et al., 2016). Nano-

pore DRS technology provides a favorable tool for

isoform-level identification and quantification of RNA mod-

ifications. In this study, we performed high-resolution iden-

tification of m6A and Ψ modification sites in the transcripts

of D. latiflorus after BaMV infection and characterized the

distribution of the two modifications on the transcripts.

Similar to the m6A dynamics of rice after RBSDV and RSV

infection, BaMV infection caused an increase in the overall

m6A level of host genes (Zhang et al., 2021), and there

were hundreds of genes with the acquisition and loss of

modification sites. These changes suggest that viral infec-

tion may alter the expression or protein abundance of m6A

“writers” and “erasers.” Notably, we found that the pro-

tein abundance of WTAP_C1 was significantly elevated

after BaMV infection. While previous studies have shown

that overexpression of SlHAKAI negatively regulates

pepino mosaic virus (PepMV) infection, leading to delayed

symptom development and milder mosaic phenotypes in

tomato plants (He et al., 2023), the role of WTAP in viral

infection remains uncharacterized. Future studies could

employ overexpression or knockout approaches to investi-

gate how WTAP affects viral accumulation and mosaic

symptoms. Consistent with prior findings that m6A modifi-

cation levels are negatively correlated with gene

Figure 7. m6A modification landscape and PAL features of BaMV.

(a) Box plots of m6A modification ratio across BaMV RNAs.

(b) Heatmap of m6A site distribution and levels in different RNA types.

(c) Histogram of m6A motif usage frequencies.

(d) Ridge plot of poly(A) tail length distributions for BaMV.

(e) Scatterplot of coverage at potential fusion sites.

(f, g) Box plots of expression (f) and protein changes (g) associated with fusion site numbers.

(h) Model of RNA modification and posttranscriptional regulation in BaMV-D. latiflorus interactions.
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expression and translation output, we confirmed this rela-

tionship in the context of viral infection by linking methyla-

tion changes to corresponding transcript and protein

abundance changes. Similar trends were observed

between virus-specific and constitutive modification genes,

further supporting the regulatory role of epitranscriptomic

remodeling in BaMV-bamboo interactions.

By integrating transcriptional and proteomic analyses,

we observed that BaMV infection activated multiple host

immune and defense genes involved in virus–host interac-
tions, including CNL genes recognizing viral effectors

(Figure S11a), RNAi components (Figure S28), PR family

genes (Figure S22), and hormone regulatory genes (e.g.,

ABA, JA, and SA pathways) (Figure 3l, Figure S30 and

Figure S31). Previous studies have shown that knocking

down NbABA1 and mutant nced3 in the ABA synthesis

pathway reduces BaMV titers (Alazem et al., 2014). In this

study, DlaNCED1 exhibited increased m6A modification but

impaired gene expression, suggesting that m6A of

DlaNCED1 may negatively regulate BaMV accumulation,

an observation requiring further experimental validation.

Additionally, differentially m6A-modified genes MgPME

cyclase and POR, which are critical for chlorophyll synthe-

sis, and the glutathione peroxidase (GPx) gene, associated

with chlorophyll degradation, all showed upregulated

modification but downregulated expression. This pattern

implies a potential link among m6A modification, gene

expression, and pathological phenotypes.

Eukaryotic 30-end processing is critical for gene

expression and translational regulation. BaMV infection

globally induced the usage of distal poly(A) sites in host.

Changes in the concentration of 30-end processing factors

are one of the causes of dynamic APA changes. In this

study, the protein abundance of PABPN1, which induced

distal PAS usage in human cells, was significantly

increased upon BaMV infection. 30UTR length variations

impact mRNA stability and translation efficiency. We corre-

lated differential APA events with DEPs and observed that

APA had impact on translational components (Table S12).

However, how virus-induced APA changes specifically reg-

ulate the abundance of these proteins requires further

exploration. This process may involve multiple regulatory

mechanisms, such as changes in microRNA binding sites

or RNA-binding protein (RBP)-mediated regulation.

Viral infection-induced changes in host energy metab-

olism and substance synthesis may indirectly influence cel-

lular PAL lengths. This study demonstrated that BaMV

infection led to global PAL elongation in bamboo, particu-

larly in PR genes closely associated with viral invasion.

PAL length is regulated by deadenylation mechanisms.

Previous studies have shown that YTHDF recruits the

CCR4-NOT deadenylase complex to promote

the degradation of m6A-modified mRNAs (Burgess

et al., 2023), illustrating the impact of RNA modifications

on PAL length. We analyzed the distribution of RNA modi-

fications (m6A and Ψ) on transcripts with altered PAL

lengths and found that these transcripts preferentially

acquired RNA modifications in the 30UTR region after viral

infection, particularly Ψ modifications.

The regulatory mechanisms of RNA are extremely

complex, with some transcripts being finely coordinated

by multilayered posttranscriptional regulatory factors. For

example, viral infection upregulates cytoplasmic polyade-

nylation element-binding protein 1 (CPEB1), leading to

shorter 30UTRs and longer PALs in cellular genes (Batra

et al., 2016). We established correlations between various

posttranscriptional regulatory factors and changes at the

transcript and protein levels, and found that a small num-

ber of transcripts were regulated by multiple factors, such

as the JAZ gene was regulated by both m6A and PAL.

However, whether the regulation of the mRNA life cycle by

BaMV infection is subject to the dynamic equilibrium of

the synergistic effect of multiple factors still needs to be

further experimentally verified and further studied.

In summary, we utilized Nanopore DRS technology to

profile the epitranscriptomic modifications of BaMV and

combined TMT-labeled proteomics to investigate posttran-

scriptional regulatory and proteomic changes in D. lati-

florus leaf tissues in response to BaMV infection.

Posttranscriptional regulators included m6A modification,

pseudouridylation (Ψ), poly(A) tail length, and 30UTR

length variations via APA (Figure 7h). Our results showed

that BaMV RNA underwent m6A methylation, and BaMV

infection altered the translational output of various host

posttranscriptional regulatory proteins. We also explored

the potential association of posttranscriptional regulators

with the expression of genes related to metabolic pro-

cesses or symptom development, and with their corre-

sponding protein abundance. This study further clarifies

the impact of BaMV on D. latiflorus, and our findings may

draw attention to the potential RNA modification and post-

transcriptional regulation underlying plant virus-host

interactions.

MATERIALS AND METHODS

BaMV infection and sample collection

BaMV vector from our previous study (Jin et al., 2023) was used
to enrich BaMV in DCL2/4 silenced Nicotiana benthamiana via
Agrobacterium infiltration to inoculate 14-day-old D. latiflorus
seedlings (CK and BaMV). After 30-day cultivation, successful
infection was confirmed by leaf mosaic symptoms. Samples with
three replicates per group were snap-frozen in liquid nitrogen and
stored at �80°C for subsequent DRS, liquid chromatography-
tandem mass spectrometer (LC–MS/MS), and RNA-seq.

RNA extraction, library construction, and analysis for DRS

Total RNA was extracted from samples (CK and BaMV) using the
RNAprep Pure Kit (Code no. DP441; Tiangen Co. Ltd, Beijing,

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 124, e70604

18 of 24 Xiangrong Li et al.



China) following the manufacturer’s protocol. DNase I treatment
was subsequently applied to eliminate DNA contamination.
Poly(A) + RNA was isolated from two biological replicates per
group using the DynabeadsTM mRNA Purification Kit (Code no.
61006; Thermo Scientific Co. Ltd, Springs, CO, USA). After prelimi-
nary quality assessment, the DRS library was constructed accord-
ing to the protocol of the SQK-RNA002 Kit from Oxford Nanopore
Technologies. The purified poly(A) + RNA was ligated to the ONT
Reverse Transcription Adapter (RTA) using concentrated T4 DNA
Ligase (Code no. M0202; NEB Co. Ltd, Ipswich, MA, USA) and then
reverse transcribed using SuperScript III Reverse Transcriptase
(Code no. 18080093; Thermo Fisher Scientific Co. Ltd, CO) for first-
strand cDNA synthesis. Each library was sequenced on a MinION
device equipped with a FLO-MIN106 (ONT R9.4) flow cell, utilizing
standard MinKNOW software.

The raw current signals (in FAST5 format) was performed
basecalling for Guppy (v3.6.1) with following parameters: --flowcell
FLO-MIN106 --kit SQK-RNA002, which were then converted to
FASTA format and corrected using LoRDEC (- k 19 -s 3) (Salmela &
Rivals, 2014) with Illumina short reads. The corrected reads were
mapped to the BaMV reference sequences (Jin et al., 2023) and D.
latiflorus genomes (Zheng et al., 2022), respectively, using mini-
map2 (Li, 2018) with the parameters: -ax map-ont -uf. The number
of reads was counted using featureCounts (-L -R CORE -t transcript)
(Liao et al., 2014) and then normalized by RPM to represent expres-
sion levels.

Identification of DEGs based on short reads

Sequencing libraries were constructed from three biological repli-
cates per group (CK and BaMV) and sequenced on an Illumina
Novaseq 6000 instrument (Berry Genomics Co. Ltd, Beijing,
China). Raw reads were preprocessed using fastp (Chen, Zhou,
et al., 2018) to trim adapter sequences and filter low-quality bases.
Cleaned reads were aligned separately to the D. latiflorus and
BaMV reference genome using HISAT2 (Kim et al., 2019) with
default parameters, and alignment outputs were converted to
BAM format. Reads with unique mapping positions were retained
for downstream analysis. Gene-level read counts were quantified
using featureCounts, and expression values were normalized to
TPM to construct the expression matrix. Differential expression
analysis was performed using the DESeq2 R package (Love
et al., 2014). P-values were adjusted with the “Benjamini–
Hochberg” method to control the false discovery rate (FDR), and
genes with P.adjust <0.05 and absolute fold change >1.5 were
defined as significantly DEGs.

Identification of full length and non-full length reads

Corrected DRS reads were classified as full-length or non-full-length
based on whether their 50 mapping start sites were located within
20 nucleotides downstream of the annotated translation start site.
For each gene in both CK and BaMV, the full-length read ratio was
calculated as: full-length reads/total reads. Fisher’s exact test was
applied to compare the distribution of full-length and non-full-
length reads between groups, with P < 0.05 used as the threshold
to identify genes with significantly altered full-length ratios.

AS events identification and differential splicing event

quantification

BAM files aligned to the D. latiflorus genome were used for tran-
script isoform assembly with StringTie in long-read mode (Pertea
et al., 2015). SUPPA2 (Trincado et al., 2018) was employed to
identify AS events and subsequent differential splicing analysis.

Specifically, after quantifying the assembled transcripts using
next-generation RNA-seq data, we used the psiPerEvent module
of SUPPA2 to calculate Percent Spliced In (PSI) values, which rep-
resent the relative abundance of AS isoforms. Genes with |dPSI|
>1 and P < 0.05 were identified as differentially spliced genes
using the diffSplice module of SUPPA2.

Prediction of m6A modification sites and identification of

DE m6A on transcripts

Firstly, multi-read FAST5 files were split into single-read FAST5
levels using multi_to_single_fast5 module from guppy. The
resquiggle algorithm from Tombo (Love et al., 2014) was then
used to map raw signal data to the host transcriptome and BaMV
genome. Finally, Nanom6A (Gao et al., 2021) was applied to detect
m6A sites based on signal features, with the parameter “--support
10” for the least modified reads per site. For each site, the m6A
modification ratio was calculated as: modified reads/(modifie-
d + unmodified reads). Modified sites with P < 0.05 (Fisher’s exact
test) and the ratio difference across groups >0.1 were considered
as differential m6A.

Prediction of Ψ sites at single-base resolution

We used NanoSPA to detect pseudouridine (Ψ) modification sites
(Huang et al., 2024). Following the NanoSPA workflow, raw
FASTQ reads were aligned to D. latiflorus genome using
“nanospa alignment.” Spliced reads were processed with
“nanospa remove_intron” to remove signal padding over intronic
regions. Base-level features were then extracted using “nanospa
extract_features,” and only sites covered by at least 20 reads were
retained for downstream analysis. Finally, module “predic-
tion_psU” was used to predict Ψ modification probabilities for
each uridine (U) site. Sites with a predicted modification probabil-
ity ≥0.8 were considered pseudouridylated.

Estimation of PAL and APA based on 30UTR length

variations

PAL of each read was estimated using the polya module in nano-
polish (v0.13.2) with parameters: --threads = 40 (Workman
et al., 2019). Retaining only reads with both “Assigned” status
from featureCounts (using parameters: -L -R CORE) in long-read
mode and QC labeled as “PASS” from nanopolish for down-
stream analysis, gene-level PALs were calculated as the median
PAL of all reads assigned to each gene. Differential PALs between
CK and BaMV were identified using the Mann–Whitney U test,
with significance thresholds set at P < 0.05 and fold change >1.5.

The 30 end positions of retained reads mentioned above were
defined as polyadenylation sites (PASs) for APA analysis as previ-
ous method (Li et al., 2023). PASs within 24 nt were clustered,
with each PAS supported by at least three reads. The most abun-
dant PAS in each cluster was designated as the representative
PAS. Genes with fewer than five supporting reads were excluded.
The top two PASs from per gene were selected and classified as
distal (dPAS) or proximal (pPAS) based on their positions along
the transcript. Genes with a relative expression difference (RED),
calculated as |log2[dPASBaMV/dPASCK] � log2[pPASBaMV/pPASCK]|,
greater than 30% were considered to exhibit significant 30UTR
length changes.

GO and KEGG enrichment analysis

Functional annotation of D. latiflorus was performed using Blas-
t2GO. GO and KEGG enrichment analyses were conducted using
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the R package clusterProfiler (v4.6.2). Terms with P < 0.05 were
considered significant.

Protein extraction, digestion, and TMT labeling

Frozen leaf samples (three biological replicates for CK and BaMV)
were ground in liquid nitrogen. A total of 0.3 g of powdered tissue
was lysed in 1 ml of buffer containing 10 mM Tris–HCl (pH 8.0),
5 mM EDTA, 1% SDS, 8 M urea, and 20 mM DTT. After vortexing,
samples were incubated on ice for 30 min with mixing every
5 min, followed by vertical rotation at 4°C for 2 h (20 rpm).
Lysates were centrifuged at 15 000 rpm for 30 min at 4°C; super-
natants were clarified by a second centrifugation and proteins
were precipitated overnight at �20°C with six volumes of 10%
TCA/acetone. Precipitates were washed twice with cold acetone,
air-dried, and dissolved in urea buffer (8 M urea, 259 protease
inhibitor cocktail, 100 mM Tris–HCl, pH 8.0). After final centrifuga-
tion, protein concentration was quantified using the BCA assay
and SDS-PAGE was performed.

Protein digestion was performed using a modified filter-aided
sample preparation (FASP) protocol (Wi�sniewski et al., 2009). For
each biological replicate, 100 lg of protein was mixed with 8 M
urea to ensure a final concentration >4 M, followed by the addi-
tion of 1 M DTT to a final concentration of 20 mM. Samples were
incubated at 37°C for 1 h. Subsequently, 1 M iodoacetamide (IAA)
was added to a final concentration of 50–60 mM and incubated in
the dark at room temperature for 30 min. The mixtures were cen-
trifuged at 12 000 rpm for 10 min. The retentate was washed twice
with 100 ll of 8 M urea and centrifuged under the same condi-
tions. Then, 100 ll of 50 mM ammonium bicarbonate (ABC) or
triethylammonium bicarbonate (TEAB) was added and centrifuged
again; this step was repeated 2–5 times. After buffer exchange,
samples were transferred to new collection tubes and digested
with trypsin at a 1:50 (enzyme: protein, w/w) ratio in 100 ll diges-
tion buffer at 37°C for at least 8 h. After digestion, samples were
briefly vortexed and centrifuged at 12 000 rpm for 10 min. An
additional 100 ll of HPLC-grade water was added, followed by
another centrifugation. The resulting filtrates were vacuum-dried
and stored at �20°C for further analysis.

Peptide mixtures were labeled with tandem mass tag (TMT)
reagents (Thermo Fisher Scientific) at a 10:1 reagent-to-peptide
ratio, according to the manufacturer’s instructions. Labeled pep-
tides were pre-fractionated using an Ultimate 3000 system
(Thermo Fisher Scientific), and mass spectrometry using liquid
chromatography–tandem mass spectrometry (LC–MS/MS) on
Orbitrap Fusion Lumos mass spectrometer was performed as our
previous method (Yu et al., 2019).

LC–MS/MS data analysis

Raw mass spectrometry data were searched against the annotated
D. latiflorus protein database using Proteome Discoverer, with
redundant sequences removed. The search parameters were set
as follows: a precursor ion mass tolerance of 10 ppm and a frag-
ment ion mass tolerance of 0.02 Da. Trypsin was specified as the
proteolytic enzyme, allowing up to two missed cleavages. Fixed
modifications included carbamidomethylation of cysteine and
TMT10 labeling on peptide N-termini. Variable modifications
included methionine oxidation and N-terminal acetylation. A FDR
of <1% at the peptide level and at least one unique peptide per
protein were required for protein identification. For quantification,
only nonredundant unique peptides with a signal-to-noise (S/N)
ratio >1.5 and FDR <0.05 were included. Reporter ion intensities
were normalized across channels based on the summed total
intensity to account for sample loading differences. DEPs were

identified using a fold change threshold >1.5 and P < 0.05 deter-
mined by t-test.

Construction of protein–protein interaction network

Protein sequences of rice (O. sativa IRGSP-1.0.57) were down-
loaded from the Ensembl Plants database (https://plants.ensembl.
org). Homologous protein pairs between D. latiflorus and rice
were identified using InParanoid (Ostlund et al., 2010). Rice homo-
logs corresponding to DEPs in D. latiflorus were input into the
STRING database for interaction prediction, with a minimum inter-
action score threshold of 0.6. Disconnected nodes were removed,
and the remaining proteins were clustered using the Markov Clus-
ter (MCL) algorithm. The interaction network was visualized in
Cytoscape based on the interaction score matrix. Key hub proteins
were identified using the cytoHubba plugin with the Betweenness
centrality algorithm, and the top 10 nodes were selected as key
interacting proteins.
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Figure S1. Scatterplot showing differential expression for genes
with differential full-length ratios.

Figure S2. Lollipop plots showing GO enrichment analysis of
genes with decreased full-length transcript ratios.

Figure S3. Histogram showing the number of genes detected AS
events (A) and UpSet plot depicting number of isoforms formed
by various AS events (B).

Figure S4. Lollipop plots showing GO enrichment analysis of upre-
gulated proteins.

Figure S5. Density plots showing the log10-transformed ratios of
transcriptional to protein fold changes for (A) 6944 matched
genes, (B) 5550 unchanged genes, and (C) 1394 differentially
expressed genes.

Figure S6. Frequency distribution of (A) full-length RNA abun-
dance (RPM), (B) non-full-length RNA abundance (RPM), and (C)
protein abundance across all samples.

Figure S7. Dumbbell plot presenting Corp of gene clusters in full-
length reads according to KEGG terms.

Figure S8. Dumbbell plot presenting Corp of gene clusters in non-
full length reads according to KEGG terms.

Figure S9. Corp of “class I fructose-bisphosphate aldolase” path-
way in full-length reads (A) and non-full-length reads (B) across
the CK and BaMV groups.

Figure S10. Wiggle plots visualizing the m6A sites of four m6A
regulators.

Figure S11. Associations between m6A modifications and expres-
sion patterns of CNL genes. (A) Raincloud plots showing changes
in transcriptional and protein abundances of CNL genes. (B) The
box diagram shows the RPM expression levels of 14 m6A-modi-
fied CNL genes, which are divided into high and low modification
genes according to the modification levels of the CK group. (C)
The histogram depicting changes in the distribution proportion of
m6A modification sites on CNL mRNA.

Figure S12. The ridge plot shows the expression distribution of
m6A-specific modification genes with an RPM value of >0. (A, B)
Gene expression level distributions for CMGs and SMGs in the CK
and BaMV groups. (C) Distribution patterns of modification sites.
(D) Bar chart showing fold changes in expression levels of autop-
hagy-related genes.

Figure S13. GO enrichment analysis of genes harboring the
GGACA motif among those with significantly decreased m6A
modification levels.

Figure S14. GO enrichment analysis of genes with significantly
upregulated (A) or downregulated (B) modifications following
BaMV infection.

Figure S15. Wiggle plot showing the distribution and modification
ratio of m6A modified CYP71A19.

Figure S16. Qualitative analysis of Ψ sites in D. latiflorus tran-
scripts affected by BaMV infection. (A) Venn diagram showing the
number of predicted Ψ sites in the CK and BaMV groups, respec-
tively. (B) Density plot illustrating the distribution of pseudouri-
dine sites on mRNA. (C) The number of transcripts with varying
numbers of m6A and pseudouridine modification sites in the CK
and BaMV groups. (D) Box plot illustrating the expression levels
of genes with two types of modifications simultaneously and
those with only one type of modification. (E) Distribution of the
relative distances between m6A modification sites and Ψ sites,
compared to random sites, on each transcript. The x-axis values
were normalized to the range [�1,1] based on the distance.

Figure S17. GO enrichment analysis of transcripts with specific Ψ
modifications in the BaMV group.

Figure S18. Changes in m6A modification ratios, PAL values,
mRNA expression levels, and protein abundances of APA regula-
tory factors under viral infection. The Y-axis labels are colored to
denote different factor categories: cleavage and polyadenylation
specificity factor (CPSF) complex, cleavage stimulation factor
(CSTF) complex, cleavage factor Im (CFIm) complex, cleavage fac-
tor IIm (CFIIm) complex, and auxiliary protein monomers.

Figure S19. GO enrichment analysis was performed using genes
at the distal poly(A) sites (A) and the proximal poly(A) sites (B)
after viral infection.

Figure S20. The Wiggle plot showed the gene involved in tran-
scription corepressor selecting proximal poly(A) sites, the histo-
grams showed the changes in the ratio of dPAS to pPAS, and the
changes in expression level and protein abundance after viral
infection, respectively.

Figure S21. The number of different types of PR genes identified
in D. latiflorus.

Figure S22. Box plots depicting overall alterations in m6A modifi-
cation rates, expression levels, and protein abundances of distinct
PR gene subtypes following BaMV infection.

Figure S23. Box plots showing genes with significantly elongated
(A) or shortened (B) PAL induced by viral infection.

Figure S24. GO enrichment analysis was performed for the genes
that significantly lengthened PAL (A) and shortened (B) after viral
infection. The top 20 entries of biological process (BP), molecular
fun-ction (MF), and cellular composition (CC) were displayed.

Figure S25. Scatterplot showing the correlation between expres-
sion and full-length ratio.

Figure S26. The pie charts showing the association of posttran-
scriptional regulators in response to viral infection with DEGs
and DEPs.

Figure S27. KEGG pathway analysis of factors-related and -unre-
lated transcripts identified in Figure 6d, with the top five entries
displayed, respectively.

Figure S28. Changes in m6A modification rates, PAL, expression
levels, and protein abundances of AGO (gray), DCL (yellow), and
RDR (blue) families in the RNAi silencing pathway under BaMV
infection.

Figure S29. Bar plot showing the number of different AS events
across different samples.

Figure S30. Changes in m6A modification ratios, PAL, 30UTR
lengths, expression levels, and protein abundances of genes
involved in jasmonic acid synthesis (gray), transcription factors
(yellow), and regulatory factors (blue) following BaMV infection.

Figure S31. Changes in m6A modification ratios, PAL, 30UTR
lengths, expression levels, and protein abundances of genes
involved in the salicylic acid synthesis pathway (gray),
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transcription factors (yellow), and regulatory factors (blue) after
BaMV infection.

Table S1. List of significant changes of full-length ratio in BaMV
versus CK.

Table S2. DE proteins in BaMV versus CK.

Table S3. Differential proteins in proteins related to photosynthe-
sis, PR genes, and CNL genes.

Table S4. Node pairing of rice-bamboos in the PPI network.

Table S5. DE genes in BaMV versus CK.

Table S6. List of m6A regulators, APA regulators, hormone regula-
tors, PR genes, and CNL genes.

Table S7. Transcript and protein level changes of CNL-type genes.

Table S8. DE m6A modified sites in BaMV versus CK.

Table S9. DE m6A genes versus DEGs and DEPs in BaMV
versus CK.

Table S10. Ψ specific modified sites between CK and BaMV.

Table S11. Differential 30UTR length in BaMV versus CK.

Table S12. The changes in protein abundance of differential APA
genes and the mean m6A modification ratios of genes with differ-
ential APA in the 30UTR region.

Table S13. Changes in gene expression and protein abundance of
differential PAL genes.

Table S14. A list of genes that are regulated by different types of
factor in each change.

Table S15. KEGG enrichment analysis of multifactor-regulated
transcripts and proteins under viral infection.

Table S16. List of modified motif and PAL for reads assigned to
different types of RNA.

Table S17. List of BaMV sequence.
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