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 Sugarcane mosaic virus (SCMV) is recognized as one of the most destructive 

pathogens in sugarcane. In response to pathogen attacks on a host plant, the 

expression of miRNAs is modified, leading to changes in the expression of 

downstream target genes. This study aimed to bioinformatically evaluate the 

potential interactions between sugarcane-encoded miRNA sequences and the 

genome of the virus isolate, and to identify their target genes and pathways in 

response to SCMV. The in-silico analysis identified sof-miR159e as the 

common effective candidate, capable of targeting the HC-Pro in the SCMV 

genome and affecting 165 target genes in sugarcane. Singular enrichment 

analysis of the target genes with enrichment determined using FDR with a P-

value cutoff of 0.05 revealed 25 significant Gene ontology (GO) terms in 

sugarcane. According to GO analysis, the pathways of biological process were 

related to growth and development, response to stimulus, organelle 

organization, reproductive-related processes, and cellular and metabolic 

processes. In addition, mitochondria, intracellular membrane-bounded 

organelles, and cytoplasmic and intracellular parts were identified as key 

cellular components. Furthermore, the molecular functions were primarily 

associated with catalytic and oxidoreductase activities. The top six enriched 

Kyoto encyclopedia of genes and genomes (KEGG) pathways included 

transcriptional regulation, plant hormone signal transduction, mitogen-activated 

protein kinase signaling pathway, plant-pathogen interaction, ethylene 

signaling, and biosynthesis of secondary metabolites, with the latter having the 

highest rich factor. These findings identified the key miRNA involved in the 

binding to the viral genome, the host target genes, and the associated pathways 

affected by sof-miR159e, which may provide valuable insights into the 

relationship between miRNAs and SCMV infection dynamics. 
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Introduction 

Plant viruses represent a serious challenge to 

global crop production and to sustainable 

agriculture. They significantly reduce both yield 

and the quality of agricultural products (Sharma, 

2023). One of the important plant viruses 

affecting sugarcane is Potyvirus sacchari, the 

newly standardized binomial name for sugarcane 

mosaic virus (SCMV), as proposed by the 

International Committee on Taxonomy of Viruses 

(ICTV) in 2024. SCMV belongs to the genus 

Potyvirus, encompassing 90% of the species 

within the family Potyviridae (King et al., 2011). 

SCMV infects several crops, including sugarcane, 
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maize, and sorghum, and is considered one of the 

most destructive pathogens causing sugarcane 

mosaic disease (Ricaud et al., 2012). SCMV leads 

to yield losses of over 50% reducing growth, 

sugar yield, juice quality, plant photosynthetic 

activity, sett germination, and tiller production in 

sugarcane (Vijai Singh et al., 2003; Viswanathan 

and Balamuralikrishnan, 2005; Akhter et al., 

2018). The transmission of SCMV occurs via 

aphids in a non-persistent manner, characterized 

by flexible filamentous particles that are 700-750 

nm long. These particles consist of a single-

stranded RNA with positive polarity, a 5' VPg, 

and a polyadenylated tail at the 3' terminus (King 

et al., 2011). The genomic RNA of SCMV is 

characterized by a single open reading frame 

(ORF) that encodes a large polyprotein. This 

polyprotein is autocatalytically cleaved into the 

following functional proteins: P1, HC-Pro, P3, 

P3N-PIPO, 6K1, CI, 6K2, VPg, NIa-Pro, Nlb, and 

CP (King et al., 2011; Urcuqui-Inchima et al., 

2001). In Iran, SCMV has spread to most regions 

where sugarcane, sorghum, and maize are 

cultivated (Izadpanah and Kamran, 1995; 

Mohammadi et al., 2006). The emergence of new 

strains, genomic variations, and recombinant 

isolates of SCMV has been reported across 

various countries (Gao et al., 2011; Padhi and 

Ramu, 2011; Perera et al., 2009; Wu et al., 2012), 

highlighting the potential threat of SCMV to the 

global cultivation and agricultural industry of host 

crops. Recently, the complete genomic sequences 

of the SCMV isolate, NRA, were reported from 

sugarcane in Iran (Moradi et al., 2016). On the 

contrary, plants have evolved sophisticated 

defense mechanisms to resist pathogen attacks. 

RNA silencing is a robust sequence-specific, 

RNA degradation process-based antiviral defense 

mechanism in plants (Lozano‐Durán, 2023). It is 

induced by small RNAs like microRNAs 

(miRNAs), which play vital roles in plant post-

transcriptional gene regulation (Liu et al., 2017). 

Viral infections have the potential to activate 

RNA silencing mechanisms within the host plant 

(Huang et al., 2016). Plant virus infections can 

induce and regulate miRNA expression, affecting 

defense responses (Wang et al., 2016; Zhou et al., 

2016). The regulation of the innate immune 

response in plants is significantly influenced by 

miRNAs. They can either trigger or inhibit the 

transcription of particular genes that are crucial 

for the plant's defense against pathogens (Luo et 

al., 2024). MiRNAs with 20 to 24 nucleotides in 

length, derived from imperfectly paired hairpin 

precursor RNAs through Dicer-like (DCL) 

proteins, regulate gene expression through either 

translational inhibition or the cleavage of 

complementary mRNAs (Axtell, 2013; Pérez-

Quintero et al., 2010). It has been reported that 

miRNA-mediated gene silencing plays a pivotal 

role in immune defense and plant resistance to 

viruses (Liu et al., 2017; Wang and Galili, 2019). 

MiRNAs-mediated RNA silencing has been 

applied to a broad spectrum of plant species to 

defend against viral infections (Ali et al., 2013; 

Petchthai et al., 2018). There is growing evidence 

indicating that miRNAs play a role in antiviral 

defense mechanisms. As a result, the study of the 

identification of novel miRNA and miRNA 

targets could provide new perspectives on the 

sophisticated interactions between viruses and 

host plants. The interaction between miRNA and 

mRNA provides valuable insights into the 

molecular mechanisms of gene regulation (Qiu et 

al., 2022), elucidating their potential regulatory 

and biological functions. However, there is 

insufficient information regarding the interaction 

between host plant miRNAs and the SCMV 

isolate NRA genome. Here, potential targets and 

binding sites of miRNAs were studied within the 

SCMV genome, which could serve as a resistance 

source against SCMV in sugarcane. The miRNA-

based RNA silencing strategy could develop 

SCMV-resistant plants. Artificial miRNA-

mediated (amiRNA) technology provides a 

powerful and innovative biotechnological 

approach to effectively combat viral infections in 

plants (Kuo and Falk, 2022). The amiRNAs 

expressed in transgenic plants have been 

effectively utilized to confer tolerance (Mitter et 

al., 2016). Computational methods have been 

extensively utilized to identify plant miRNAs and 

their targets (Li et al., 2010). Therefore, we 

applied computational approaches to identify 

novel miRNAs, predict their targets within the 

SCMV genome, and elucidate the responses and 

pathways in sugarcane. Prediction of novel 

miRNAs and identification of their potential 

targets in the SCMV genome could serve as a 

resistance source in sugarcane cultivars against 

SCMV. Therefore, this study aimed to identify 

sugarcane-derived miRNAs, their potential 
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targets in the SCMV genome, and host target 

genes and pathways that might enable the 

development of an amiRNA antiviral strategy for 

generating SCMV-resistant sugarcane plants. 

Materials and Methods 

In silico prediction of sugarcane miRNAs-

SCMV genome targets 

The complete genome of SCMV isolate NRA 

(GenBank accession no. KT895080.1) was 

acquired from the NCBI GenBank database, 

previously isolated from infected sugarcane in 

Mazandaran province, Iran (Moradi et al., 2016). 

The Iranian SCMV-NRA isolate was selected for 

this study based on the availability of its complete 

genomic sequence. Sixteen miRNA sequences of 

sugarcane were retrieved from miRBase 

(http://www.mirbase.org/). The potential miRNA 

sequences targeting the SCMV genome were 

evaluated using RNAhybrid software, version 2.2 

(Rehmsmeier et al., 2004). RNAhybrid functions 

by utilizing intermolecular hybridization to 

identify the effective binding sites of miRNAs in 

the target sequence. The parameters used in the 

hybridization are as follows: hits per target, 1; and 

the minimum free energy, -22 kcal/mol.  

To further validate the predicted miRNAs 

targeting SCMV, the psRNATarget software (Dai 

et al., 2011) was employed, which assesses 

miRNA-mRNA complementarity using a 

predefined scoring schema (V2, 2017 release). 

The analysis parameters were configured as 

follows: top targets: 200; expectation score: 5; 

mismatch penalties: 0.5 for G:U pairs, 1 for other 

mismatches; seed region settings: extra weight 

(1.5), position (2-13 NT), allowed mismatches 

(2); HSP size: 19; gap penalties: opening (2), 

extension (0.5); and translation inhibition range: 

10-11 NT. Additionally, the inhibition type 

(cleavage or translation) mediated by sof-

miR159e in viral RNA genome regulation was 

assessed. For miRNA target site prediction, the 

RNA22 web server (Miranda et al., 2006; 

http://cm.jefferson.edu/rna22v1.0/) was used, 

employing a pattern-based approach combined 

with folding energy calculations—without cross-

species conservation filtering. Key parameters 

included: specificity: 61%; sensitivity: 63%; seed 

region: 7 NT, permitting one unpaired base G:U 

wobbles: no restriction in seed region; and paired 

bases: minimum of 12, maximum folding energy 

of -12 kcal/mol. Finally, the Tapirhybrid web 

server (Bonnet et al., 2010; 

http://bioinformatics.psb.ugent.be/webtools/tapi) 

was utilized for plant miRNA target prediction, 

with standardized parameters: score threshold: ≤ 

8; MFE ratio: ≥ 0.4.  

Thermodynamic stability 

Thermodynamic analysis of miRNA-mRNA 

interactions provides crucial insights into 

hybridization stability (Riolo et al., 2020). Most 

miRNA target prediction methods assess these 

interactions by calculating the Gibbs free energy 

(ΔG) of the miRNA-mRNA complex. To predict 

the interaction ΔG between miRNA and mRNA 

duplexes, we used RNAcofold (Bernhart et al., 

2006; http://rna.tbi.univie.ac.at/cgi-

bin/RNAWebSuite/RNAcofold.cgi). The tool 

was applied to evaluate the binding between sof-

miR159e and its predicted target region in the 

SCMV genome, as identified by psRNATarget. 

The analysis was performed using default 

RNAcofold parameters (Mathews et al., 2004) in 

RNAcofold 2.6.3.  

Prediction of secondary structure of sof-

miR159e 

Secondary structure prediction of the pre-miRNA 

(sof-miR159e) was performed using RNAfold 

v2.6.3 (Lorenz et al., 2011). The analysis 

included calculation of the thermodynamic 

ensemble free energy, determination of the 

minimum free energy (MFE) of the centroid 

secondary structure, estimation of the MFE 

structure frequency, ensemble diversity, and 

positional entropy. The MFE structure, 

thermodynamic ensemble, and centroid structure 

of sof-miR159e were represented. Energy 

parameters were adjusted for temperature (37°C) 

and salt concentration (1.021 M), following 

established RNA thermodynamics (Mathews et 

al., 2004). 

Sequence alignment of the mature miR159e in 

various plant species 

The sequences of mature miR159e were aligned 

in seven plant species: Oryza sativa, Malus 

domestica, Picea abies, Saccharum officinarum, 

Populus trichocarpa, Zea mays, and Glycine max. 
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Sequence alignment was constructed using CLC 

Genomics Workbench 5.5.2. software. 

Target gene prediction in sugarcane plants 

Identification of sugarcane miRNA target genes 

was performed using psRNATarget, with the S. 

officinarum DFCI Gene Index (SOGI v3, 2010-

04-09) serving as the reference genome. The 

analysis parameters were configured as follows: 

top targets: 200; expectation score: 5; mismatch 

penalties: 0.5 (G:U pairs), 1 (other mismatches); 

seed region settings: extra weight (1.5), position 

(2-13 NT), allowed mismatches (2); HSP size: 19; 

gap penalties: opening (2), extension (0.5); and 

translation inhibition range: 10-11 NT.  

Gene ontology and functional analysis of the 

miRNA target genes 

In order to determine the biological functions of 

miRNA-targeted genes, gene ontology (GO) 

enrichment analysis was conducted to identify 

biological processes, cellular components, and 

molecular functions. Singular enrichment 

analysis (SEA) was conducted using agriGO 

version 2 

(https://systemsbiology.cau.edu.cn/agriGOv2/). 

Sugarcane locus ID (DFIC) was selected as a 

reference genome. The enrichment of GO terms 

was identified with FDR and a cut-off P-value of 

0.05.  

Kyoto encyclopedia of genes and genomes 

pathway enrichment analysis 

Pathway analysis of the Kyoto encyclopedia of 

genes and genomes (KEGG) was used to 

elucidate significantly enriched pathways of the 

target genes. We used the clusterProfiler package 

in R version 4.2.2 to identify significantly 

enriched KEGG pathways in sugarcane. This 

package is widely used for functional enrichment 

analysis and provides robust tools for interpreting 

high-throughput genomic data. The results of the 

KEGG enrichment analysis were visualized using 

the ggplot2 package. 

Results and Discussion 

Identification of sugarcane miRNAs and their 

targets in the SCMV genome  

The cultivation of resistant host plants has been 

suggested as an effective method for controlling 

SCMV infections (Wu et al., 2012). In this regard, 

plant miRNAs demonstrate a superior ability to 

target plant viruses, highlighting their important 

functions in the defense strategies of plants 

against viral pathogens (Pérez-Quintero et al., 

2010). miRNAs are crucial in modulating the 

plant’s innate immune system by either activating 

or inhibiting the transcription of specific genes 

that contribute to the plant’s defense against 

pathogens. During pathogen invasion, miRNAs 

fine-tune plant immunity by dynamically 

adjusting hormone signaling pathways-including 

salicylic acid (SA), jasmonic acid (JA), and 

ethylene (ET)-to activate defense responses (Luo 

et al., 2024). miRNAs can also regulate host 

pathways to increase or decrease the transcription 

of targeted genes (Bouvet et al., 2021; Zhang et 

al., 2021). Therefore, in this study, we present a 

bioinformatics analysis to explore the possibility 

of sugarcane miRNAs having a role in targeting 

the SCMV genome and evaluate their target genes 

and host responses in sugarcane. Experimental 

approaches for identifying miRNA-mRNA 

interactions can be costly and time-consuming, 

which emphasizes the urgent need for effective 

computational methods to accurately predict 

miRNA targets (Chipman and Pasquinelli, 2019). 

Bioinformatic analysis using psRNATarget and 

Tapirhybrid identified sof-miR159e as the only 

sugarcane microRNA that binds to the SCMV 

genome, specifically targeting the HC-Pro region 

at position 1562 (Table 1).  
PsRNATarget analysis revealed that 14 out of 21 

nucleotides of sof-miR159e (66.67% 

complementary) could bind to the viral genome 

(Table 1). It has been shown that the psRNATarget 

software offers enhanced accuracy in binding 

predictions (Amirnia et al., 2016). RNAhybrid 

analysis showed that all 16 miRNAs could bind to 

the SCMV genome (Supplement 1 and 2). The 

RNA22 algorithm identified 14 miRNAs capable of 

binding 1-3 target regions (33 binding sites) within 

the viral genome (Supplement 1 and 3). Sof-

miR159e was the common miRNA predicted by the 

multiple algorithms (Tapirhybrid, RNA22, 

RNAhybrid, and psRNATarget) used in this study. 

Based on these findings, we selected sof-miR159e 

for further analysis of target genes and pathways in 

sugarcane. In another study led by Wenzhi et al. 

(2024), only one sof-miRNA (sof-miR159c) was 

identified as the most effective candidate for 

targeting the nucleotide position 3847 of the 



Tahmasebi and Ghodoum Parizipour, J Genet Resour, 2025; 11(2): 160-173 

164 

cylindrical inclusion (CI) ORF in the SCMV 

genome. 
Table 1. Sof-miR159e target (SCMV isolate NRA, GenBank accession no. KT895080.1) prediction using 

tapirhybrid and psRNATarget algorithms 

The score denotes the global score value. The parameters mfe_ratio, start, seed_gu, mismatch, and gu represent the free energy 

ratio of the miRNA:mRNA duplex, the starting position of the alignment on the mRNA sequence, the count of G:U pairs in the 

seed region, the number of mismatches outside the seed region, and the count of G:U pairs outside the seed region, respectively. 

The expectation value (expect) serves as the penalty for mismatches between the mature small RNA and the target sequence. A 

higher value signifies a lower degree of similarity (and likelihood) between the small RNA and the target candidate. UPE indicates 

the maximum energy required to unpair the target site, reflecting the target accessibility. The accessibility of the mRNA target 

site to small RNA is regarded as a crucial factor in target recognition. Inhibition refers to the silencing mechanism of the mRNA 

targets of miRNA, which occurs through either the cleavage of mRNA or translational repression. Multiplicity indicates the 

number of target sites associated with each small RNA/target pair. 

 

They also identified the target binding site for sof-

miR159e located at nucleotide position 5535 

within the sugarcane bacilliform virus (SCBV) 

genome (Wenzhi et al., 2024). The study led by 

Ashraf et al. (2022) highlighted the sof-miR159e 

as the top effective candidate against SCBV. The 

computational analysis revealed that miR159e 

could target the ORF3 region of the SCBV 

genome that encodes the largest polyprotein 

(Ashraf et al., 2022). In our study, sof-miR159e 

could target the coding regions (nucleotide 

positions 1562-1582; helper component 

proteinase region; HC-Pro) in the SCMV genome 

(Supplement 4). The function of potyviral HC-Pro 

in suppressing post-transcriptional gene silencing 

and interfering with miRNA functions has been 

documented (Ivanov et al., 2016; Kasschau et al., 

2003). Additionally, it has been reported that HC-

Pro encoded by SCMV could suppress the RNA 

silencing and regulate the accumulation of 

different siRNAs (Zhang et al., 2008). It appears 

that sof-miR159e could interfere with SCMV 

HC-Pro function, which requires further 

investigation. It has been revealed that the 

accumulation of miR159 family was negatively 

regulated by SCMV infection in maize (Xia et al., 

2018). However, rice black streaked dwarf virus 

infection up-regulated miR159 in rice leaves (Sun 

et al., 2015). Additionally, the accumulation of 

phased siRNAs derived from miR159 precursors 

in rice was enhanced by rice stripe virus infection 

(Du et al., 2011). These findings suggest that 

miR159 targets a broad spectrum of viral 

genomes, implying potential coevolution between 

plants and viruses, as well as a certain level of 

conservation across various viral strains 

(Hajieghrari et al., 2019). Considering the 

essential role of HC-Pro in inhibiting gene 

silencing, its potential regulation by miRNAs may 

strengthen the miRNA-mediated defense 

mechanisms in host plants. The analysis of 

potential binding of miR159e sequences from six 

plant species to the SCMV genome showed that 

none of the miR159e sequences could bind to the 

SCMV genome. Nucleotide sequence alignments 

showed that the sof-miR159e sequences targeting 

SCMV are not conserved (Supplement 5). 

Analysis of the selected miRNA sequences from 

non-host plants for binding to the SCMV genome 

showed that sugarcane has evolved miRNA-

based defense mechanisms against the virus. This 

study demonstrates that the binding sites of sof-

miR159e in the SCMV genome are specific to 

either the miRNA type (plant species-dependent) 

or the particular virus isolate, highlighting the 

sophisticated interaction between host miRNAs 

and viral genomes. 

Thermodynamic characteristics of miRNA-

mRNA complexes  

The miRNA-mRNA complex exhibits 

considerable thermodynamic stability. A lower 

Tapirhybrid PsRNATarget 

Score 6.5 Expect 5.0 

mfe_ratio 0.41 UPE N/A 

Start 1562 Inhibition Cleavage 

Seed_gu 1 Multiplicity 1 

Mismatch 5 miRNA 21-1 UUCUCGAGGAAAGUUAGGUUU 

gu 1 Target 1562-1582 CGUAACACGUUUUAAUCCAAA 

miRNA_3' UUCUCGAGGAAAGUUAGGUUU - - 

Target_5' CGUAACACGUUUUAAUCCAAA - - 
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(more negative) free energy (ΔG) enhances the 

regulatory effect of miRNA on the target mRNA 

(Bernhart et al., 2006). The free energy of the 

thermodynamic ensemble was -4.44 kcal/mol, 

with an MFE structure frequency of 18.45% and 

a heterodimer binding ΔG of -3.61 kcal/mol 

(Table 2). miRNA-mRNA binding is typically 

considered stable when ΔG is more negative in 

the range of -15 to -30 kcal/mol for strong 

interactions (reflecting high-affinity binding) 

(Bergman et al., 2020). However, even weaker 

interactions can still be biologically relevant, 

particularly in miRNA target recognition, where 

partial complementarity often plays a role. 

However, experimental validation remains 

essential to confirm the functional results of such 

interactions in viral repression. 

 
Table 2. The thermodynamic characteristics of the miRNA-mRNA complex and the secondary structure of pre-

miRNA (sof-miR159e) from the precursors of the mature miRNA 

Minimum free energy prediction miRNA-mRNA complex Secondary structure 

The free energy of the thermodynamic ensemble -4.44 kcal/mol -112.00 kcal/mol 

The frequency of the MFE structure in the ensemble 18.45 % 0.07 % 

Delta G for heterodimer binding -3.61 kcal/mol - 

The ensemble diversity - 28.51 

The minimum free energy of the centroid secondary structure - 102.80 kcal/mol 

 

We evaluated the stability of miRNA-mRNA 

duplexes through free energy calculations, a 

critical determinant of binding site accessibility 

and secondary structure formation (Peterson et 

al., 2014). Our validation approach incorporated 

minimum free energy (MFE) analysis as a 

primary metric for assessing interaction viability 

(Pinzón et al., 2017), with RNAhybrid analysis 

employing a stringent MFE threshold of -20 

kcal/mol. MFE analysis confirmed structural 

stability (Supplement 6; Lorenz et al., 2011). 

Thermodynamic ensemble free energy measured 

-112.00 kcal/mol (Table 2), indicating 

exceptional duplex stability. Key parameters 

calculated for sof-miR159e precursor: MFE 

structure frequency: 0.07% in ensemble, 

ensemble diversity: 28.51, centroid structure 

MFE: 102.80 kcal/mol. ΔG serves as an indicator 

of a biological system's stability. When the 

binding between a miRNA and a potential target 

mRNA is predicted to be stable, this suggests a 

higher likelihood of it being a genuine miRNA 

target. Since directly measuring free energy is 

challenging, the change in ΔG during a reaction is 

typically analyzed. Reactions with a negative ΔG 

release energy, leading to greater system stability 

because less energy remains available for further 

reactions. By modeling the hybridization of a 

miRNA and its candidate target, regions with 

varying free energy levels can be identified, and 

the overall ΔG provides insight into the binding 

strength between them (Yue et al., 2009). The 

binding pattern and the MFE serve as effective 

indicators of miRNA-target interaction with its 

target gene, as well as the stability of the hybrids 

(Dandare et al., 2021). More negative MFE 

values correlated with enhanced binding stability 

in human miRNA interactions with Flavivirus 3′ 

UTRs (Avila-Bonilla and Salas-Benito, 2024), 

highlighting the stability of the miRNA-mRNA 

duplex, with lower values showing a more stable 

and thus stronger interaction. 

Identification of target genes and pathways in 

sugarcane plants 

The potential binding of sugarcane sof-miR159e 

with sugarcane genes and determination of host 

pathways were evaluated. Sof-miR159e affected 

165 sugarcane target genes and regulated multiple 

genes and cell phenotypes. The mechanism of 

repression (RNA degradation or translation 

repression) associated with the miRNA 

demonstrated that gene expression in sugarcane is 

primarily (87%) regulated by the degradation of 

the viral genome (Supplement 7). The SEA 

identified 25 significant GO terms for sof-

miR159e targets. Enriched biological processes 

included growth and development, response to 

stimulus, organelle organization, reproductive-

related processes, and cellular and metabolic 

processes (Fig. 1). 

The suppression of miR159 in Arabidopsis, 

tobacco, and rice leads to a range of pleiotropic 

abnormalities, notably including reduced growth 

(Zheng et al., 2020). In addition, mitochondria, 

intracellular membrane-bounded organelles, and 
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cytoplasmic and intracellular parts were identified 

as key cellular components (Fig. 2). 

Mitochondria activate immune responses through 

the oxidative burst of reactive oxygen and 

nitrogen species, triggering programmed cell 

death. Mitochondria also play a role in SA-

mediated resistance and contribute to 

phytohormone interplay (Wang et al., 2022). The 

role of mitochondria-related genes in plant 

defense has been revealed against viruses 

(Shahriari et al., 2025). Furthermore, the 

molecular function was primarily associated with 

catalytic and oxidoreductase activities (Fig. 3). 

 
 

 

 
 

Fig. 1. GO biological process enrichment analysis of the target genes was performed using agriGO. Each box 

represents a GO term, displaying its identifier, p-value (in parentheses), and the term description. Two sets of 

numerical values accompany each term: the first indicates the number of genes associated with the term in the dataset 

versus the total genes in the dataset, while the second shows the database-wide count of genes linked to the term 

versus all GO-annotated sugarcane genes in the reference database. Statistical significance is color-coded: yellow = 

0.05, orange = 1e-05, and red = 1e-09, with white boxes indicating non-significant results. The intensity of the color 

reflects the strength of term enrichment. Connecting lines represent enrichment relationships, where solid lines link 

two enriched terms, dashed lines link one, and dotted lines indicate no enriched terms. 
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Fig 2. GO cellular component enrichment analysis of the target genes was conducted using agriGO. Each box 

includes the GO term identifier, its p-value (in parentheses), and the term description. Two gene count ratios are 

provided for each term: the first represents the number of genes associated with the term in the dataset versus the 

total dataset genes, while the second indicates the database-wide number of genes linked to the term versus all GO-

annotated sugarcane genes in the reference database. Statistical significance is color-coded as follows: yellow (p ≤ 

0.05) with white boxes showing non-significant results. Connecting lines illustrate enrichment relationships, where 

solid lines indicate two enriched terms, dashed lines indicate one enriched term, and dotted lines indicate no enriched 

terms. 
 

 

Findings showed that Toll/interleukin-1 receptor-

catalyzed 2'-(5''-phosphoribosyl)-5'-adenosine 

monophosphate and diphosphate act as a missing 

link in Toll/interleukin-1 receptor signaling. 

These molecules likely act as second messengers 

via Enhanced Disease Susceptibility 1-

Phytoalexin Deficient 4 in plant immunity 

(Huang et al., 2022). It has been shown that 

oxidoreductase enzymes are involved in plant 

defense mechanisms through ROS accumulation 

(Das and Sen, 2024). KEGG pathway enrichment 

analyses were conducted on the target genes with 

p-values lower than 0.05. Analysis of target genes 

(p< 0.05) revealed 12 enriched metabolic 

pathways, including the top six KEGG pathways: 

transcriptional regulation, plant hormone signal 

transduction, mitogen-activated protein kinase 

(MAPK) signaling pathway, plant-pathogen 

interaction, ET signaling, and biosynthesis of 

secondary metabolites, with the highest rich 

factor (Fig. 4). 

In this study, it appears that sof-miR159e 

modulates transcriptional regulation, plant 

hormone signal transduction, MAPK signaling 

pathway, plant-pathogen interaction, ET 

signaling, and biosynthesis of secondary 

metabolites that could contribute to defense 

responses against SCMV. The function of plant 

hormones, including JA, SA, and ET, has been 

extensively documented in plant defense against 

viral infections (Zhao et al., 2021). ET 

accumulation is linked to defense responses in 
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infected plants, and exogenous application of ET 

compounds improved plant resistance to viruses 

(Alazem et al., 2015; Zhao et al., 2021). 
 

 

 
 

Fig 3. GO molecular function enrichment analysis of 

the target genes was performed using agriGO. Each 

box displays the GO term identifier and the 

corresponding functional term. Two gene ratios are 

provided for each term: dataset-specific ratio: number 

of genes associated with the term versus total genes in 

the dataset. database-wide ratio: number of genes 

linked to the term versus all GO-annotated sugarcane 

genes in the reference database. Statistical significance 

is indicated by color, with yellow (p ≤ 0.05) marking 

significant terms and white boxes denoting non-

significant results. Dashed lines connect single 

enriched terms, while dotted lines indicate no enriched 

terms. 

 

 

The ET pathway is also involved in MYB4L-

mediated resistance against tobacco mosaic virus 

in Nicotiana benthamiana (Zhu et al., 2022). 

Another enriched KEGG pathway was the 

biosynthesis of secondary metabolites. Secondary 

metabolites are directly involved in pathogen 

defense. Plant secondary metabolites induce 

systemic acquired resistance. As an example, 

reticine A induced a hypersensitive reaction and 

elevated the accumulation of H2O2, SA, and PR 

proteins in tobacco against tobacco mosaic virus 

(Kumar et al., 2023). It has also been revealed that 

most secondary metabolites, including alkaloids, 

flavonoids, and phenolics, demonstrate antiviral 

activities (Reichling, 2010). In our study, the 

MAPK signaling pathway was another KEGG 

pathway.  

MAPK pathways play a key role in antiviral 

defense. For instance, they contribute to 

resistance against potato virus Y. In this case, 

MAPK-mediated immunity is activated via 

Nicotiana benthamiana phospholipase Dα1 and 

its derived phosphatidic acid that bind to 

WIPK/SIPK/NTF4 and induce phosphorylation 

of WRKY8, resulting in the activation of defense-

related genes (Lin et al., 2024).  
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Fig 4. KEGG pathway enrichment analysis of sugarcane target genes regulated by sof-miR159e. The rich factor 

indicates the ratio of target genes to all genes within a given pathway. Color gradients correspond to varying P-value 

significance levels, as shown in the legend. 

 

Conclusions 

These findings identified the key miRNA that 

binds to the viral genome, regulates host target 

genes, and alters associated pathways-all of which 

may significantly influence the plant's response to 

SCMV. Identifying additional miRNA-target 

modules will elevate miRNAs to prominence in 

future resistance breeding strategies. These 

findings demonstrate how miRNAs regulate 

SCMV infection and provide a molecular basis 

for understanding host defense responses. The 

amiRNA approach enhances current molecular 

techniques by providing target-specific control of 

SCMV disease. Further studies should validate in 

silico predictions experimentally, elucidate 

miRNA regulatory networks, quantify miRNA 

accumulation, analyze transient miRNA 

expression, and optimize sugarcane 

transformation. Genome editing advancements 

enable the genetic engineering of miRNAs for 

pathogen-resistant crops. These miRNAs may 

enable the development of amiRNA constructs 

that enhance sugarcane's SCMV resistance. 

Conflict of interest  

The authors have no conflicts of interest to 

declare. 

References 

Akhter, Y., & Khan, J. A. (2018). Genome wide 

identification of cotton (Gossypium hirsutum)-

encoded microRNA targets against Cotton leaf 

curl Burewala virus. Gene, 638, 60-65. 
https://doi.org/10.1016/j.gene.2017.09.061 

Alazem, M., & Lin, N. S. (2015). Roles of plant 

hormones in the regulation of host-virus 

interactions. Molecular Plant Pathology, 

16(5), 529-540. 
https://doi.org/10.1111/mpp.12204 

Ali, I., Amin, I., Briddon, R. W., & Mansoor, S. 

(2013). Artificial microRNA-mediated 

resistance against the monopartite 

begomovirus Cotton leaf curl Burewala 

virus. Virology Journal, 10(1), 231. 
https://doi.org/10.1186/1743-422X-10-231 

Amirnia, F., Eini, O., & Koolivand, D. (2016). In 

silico analysis of microRNA binding to the 

genome of Beet curly top Iran virus in tomato. 

Archives of Phytopathology and Plant 

Protection, 49(17-18), 434-444. 
https://doi.org/10.1080/03235408.2016.1228737 

Ashraf, M. A., Feng, X., Hu, X., Ashraf, F., Shen, 

L., Iqbal, M. S., & Zhang, S. (2022). In silico 

identification of sugarcane (Saccharum 

officinarum L.) genome encoded microRNAs 

targeting sugarcane bacilliform virus. PloS 

One, 17(1), e0261807. 
https://doi.org/10.1371/journal.pone.0261807 J 

Avila-Bonilla, R. G., & Salas-Benito, J. S. (2024). 

Computational screening to predict 

microRNA targets in the Flavivirus 3′ UTR 

genome: an approach for antiviral 

development. International Journal of 

Molecular Sciences, 25(18), 10135. 
https://doi.org/10.3390/ijms251810135 

Axtell, M. J. (2013). Classification and 

comparison of small RNAs from plants. 

Annual Review of Plant Biology, 64(1), 137-

159. https://doi.org/10.1146/annurev-arplant-

050312-120043 

Bergman, S., Diament, A., & Tuller, T. (2020). 

New computational model for miRNA-

mediated repression reveals novel regulatory 

roles of miRNA bindings inside the coding 

region. Bioinformatics, 36(22-23), 5398-5404. 
https://doi.org/10.1093/bioinformatics/btaa1021 

Bernhart, S. H., Tafer, H., Mückstein, U., Flamm, 

C., Stadler, P. F., & Hofacker, I. L. (2006). 

Partition function and base pairing 

probabilities of RNA heterodimers. 

Algorithms for Molecular Biology, 1(1), 3. 
https://doi.org/10.1186/1748-7188-1-3 

Bonnet, E., He, Y., Billiau, K., & Van de Peer, Y. 

(2010). TAPIR, a web server for the prediction 

of plant microRNA targets, including target 

mimics. Bioinformatics, 26(12), 1566-1568. 
https://doi.org/10.1093/bioinformatics/btq233 

Bouvet, M., Voigt, S., Tagawa, T., Albanese, M., 

Chen, Y. F. A., Chen, Y., ... & 

Hammerschmidt, W. (2021). Multiple viral 

microRNAs regulate interferon release and 

signaling early during infection with Epstein-

Barr virus. MBio, 12(2), 10-1128. 
https://doi.org/10.1128/mbio.03440-20 

https://doi.org/10.1016/j.gene.2017.09.061
https://doi.org/10.1111/mpp.12204
https://doi.org/10.1186/1743-422X-10-231
https://doi.org/10.1080/03235408.2016.1228737
https://doi.org/10.1146/annurev-arplant-050312-120043
https://doi.org/10.1146/annurev-arplant-050312-120043
https://doi.org/10.1093/bioinformatics/btaa1021
https://doi.org/10.1186/1748-7188-1-3
https://doi.org/10.1093/bioinformatics/btq233
https://doi.org/10.1128/mbio.03440-20


Tahmasebi and Ghodoum Parizipour, J Genet Resour, 2025; 11(2): 160-173 

170 

Chipman, L. B., & Pasquinelli, A. E. (2019). 

miRNA targeting: growing beyond the seed. 

Trends in Genetics, 35(3), 215-222. 
https://doi.org/10.1016/j.tig.2018.12.005 

Dai, X., & Zhao, P. X. (2011). psRNATarget: a 

plant small RNA target analysis server. 

Nucleic Acids Research, 39(suppl_2), W155-

W159. 

Dandare, A., Rabia, G., & Khan, M. J. (2021). In 

silico analysis of non-coding RNAs and 

putative target genes implicated in metabolic 

syndrome. Computers in Biology and 

Medicine, 130, 104229. 
https://doi.org/10.1016/j.compbiomed.2021.104229 

Das, P., & Sen, P. (2024). Relevance of 

oxidoreductases in cellular metabolism and 

defence. In Reactive Oxygen Species-

Advances and Developments. IntechOpen. 
https://doi.org/10.5772/intechopen.112302 

Du, P., Wu, J., Zhang, J., Zhao, S., Zheng, H., 

Gao, G., ... & Li, Y. (2011). Viral infection 

induces expression of novel phased 

microRNAs from conserved cellular 

microRNA precursors. PLoS Pathogens, 7(8), 

e1002176. 
https://doi.org/10.1371/journal.ppat.1002176 

Gao, B., Cui, X. W., Li, X. D., Zhang, C. Q., & 

Miao, H. Q. (2011). Complete genomic 

sequence analysis of a highly virulent isolate 

revealed a novel strain of Sugarcane mosaic 

virus. Virus Genes, 43, 390-397. 
https://doi.org/10.1007/s11262-011-0644-2 

Hajieghrari, B., Farrokhi, N., Goliaei, B., & 

Kavousi, K. (2019). The role of MicroRNAs 

in defense against viral phytopathogens. 

Physiological and Molecular Plant Pathology, 

107, 8-13. 
https://doi.org/10.1016/j.pmpp.2019.04.008 

Huang, J., Yang, M., & Zhang, X. (2016). The 

function of small RNAs in plant biotic stress 

response. Journal of Integrative Plant 

Biology, 58(4), 312-327. 
https://doi.org/10.1111/jipb.12463 

Huang, S., Jia, A., Song, W., Hessler, G., Meng, 

Y., Sun, Y., ... & Chai, J. (2022). Identification 

and receptor mechanism of TIR-catalyzed 

small molecules in plant immunity. Science, 

377(6605), eabq3297. 
https://doi.org/10.1126/science.abq3297 

Ivanov, K. I., Eskelin, K., Bašić, M., De, S., 

Lohmus, A., Varjosalo, M., & Mäkinen, K. 

(2016). Molecular insights into the function of 

the viral RNA silencing suppressor HCPro. 

The Plant Journal, 85(1), 30-45. 
https://doi.org/10.1111/tpj.13088 

Izadpanah, K., & Kamran, R. (1995). Isolation of 

a strain of sugarcane mosaic virus (SCMV) 

from maize in Sepidan region of Fars. In 

Proceedings of the 12th Iranian Plant 

Protection Congress 2-7 September 1995 

Karadj (Iran Islamic Republic) (Vol. 94).  

Kasschau, K. D., Xie, Z., Allen, E., Llave, C., 

Chapman, E. J., Krizan, K. A., & Carrington, 

J. C. (2003). P1/HC-Pro, a viral suppressor of 

RNA silencing, interferes with Arabidopsis 

development and miRNA function. 

Developmental Cell, 4(2), 205-217. 
https://doi.org/10.1016/S1534-5807(03)00025-X 

King, A. M., Lefkowitz, E., Adams, M. J., & 

Carstens, E. B. (Eds.). (2011). Virus 

taxonomy: ninth report of the International 

Committee on Taxonomy of Viruses (Vol. 9). 

Elsevier. 

Kumar, S., Korra, T., Thakur, R., Arutselvan, R., 

Kashyap, A. S., Nehela, Y., ... & Keswani, C. 

(2023). Role of plant secondary metabolites in 

defence and transcriptional regulation in 

response to biotic stress. Plant Stress, 8, 

100154. 
https://doi.org/10.1016/j.stress.2023.100154 

Kuo, Y. W., & Falk, B. W. (2022). Artificial 

microRNA guide strand selection from 

duplexes with no mismatches shows a purine‐

rich preference for virus‐and non‐virus‐based 

expression vectors in plants. Plant 

Biotechnology Journal, 20(6), 1069-1084. 
https://doi.org/10.1111/pbi.13786 

Li, L., Xu, J., Yang, D., Tan, X., & Wang, H. 

(2010). Computational approaches for 

microRNA studies: a review. Mammalian 

Genome, 21, 1-12. 
https://doi.org/10.1007/s00335-009-9241-2 

Lin, J., Zhao, J., Du, L., Wang, P., Sun, B., Zhang, 

C., ... & Sun, H. (2024). Activation of MAPK-

mediated immunity by phosphatidic acid in 

response to positive-strand RNA viruses. 

Plant Communications, 5(1). 
https://doi.org/10.1016/j.xplc.2023.100659 

Liu, S. R., Zhou, J. J., Hu, C. G., Wei, C. L., & 

Zhang, J. Z. (2017). MicroRNA-mediated 

gene silencing in plant defense and viral 

counter-defense. Frontiers in Microbiology, 8, 

1801. https://doi.org/10.3389/fmicb.2017.01801 

https://doi.org/10.1016/j.tig.2018.12.005
https://doi.org/10.1016/j.compbiomed.2021.104229
https://doi.org/10.5772/intechopen.112302
https://doi.org/10.1371/journal.ppat.1002176
https://doi.org/10.1007/s11262-011-0644-2
https://doi.org/10.1016/j.pmpp.2019.04.008
https://doi.org/10.1111/jipb.12463
https://doi.org/10.1111/tpj.13088
https://doi.org/10.1016/S1534-5807(03)00025-X
https://doi.org/10.1016/j.stress.2023.100154
https://doi.org/10.1111/pbi.13786
https://doi.org/10.1007/s00335-009-9241-2
https://doi.org/10.1016/j.xplc.2023.100659
https://doi.org/10.3389/fmicb.2017.01801


Tahmasebi and Ghodoum Parizipour, J Genet Resour, 2025; 11(2): 160-173 

171 

Lorenz, R., Bernhart, S. H., Höner zu 

Siederdissen, C., Tafer, H., Flamm, C., 

Stadler, P. F., & Hofacker, I. L. (2011). 

ViennaRNA Package 2.0. Algorithms for 

Molecular Biology, 6(1), 26. 
https://doi.org/10.1186/1748-7188-6-26 

Lozano‐Durán, R. (2023). More than annealing: 

RNAi is not alone in the fight against plant 

viruses. The EMBO Journal, 42(18), e115113. 
https://doi.org/10.15252/embj.2023115113 

Luo, C., Bashir, N. H., Li, Z., Liu, C., Shi, Y., & 

Chu, H. (2024). Plant microRNAs regulate the 

defense response against pathogens. Frontiers 

in Microbiology, 15, 1434798. 
https://doi.org/10.3389/fmicb.2024.1434798  

Mathews, D. H., Disney, M. D., Childs, J. L., 

Schroeder, S. J., Zuker, M., & Turner, D. H. 

(2004). Incorporating chemical modification 

constraints into a dynamic programming 

algorithm for prediction of RNA secondary 

structure. Proceedings of the National 

Academy of Sciences, 101(19), 7287-7292. 
https://doi.org/10.1073/pnas.0401799101 

Miranda, K. C., Huynh, T., Tay, Y., Ang, Y. S., 

Tam, W. L., Thomson, A. M., ... & Rigoutsos, 

I. (2006). A pattern-based method for the 

identification of microRNA binding sites and 

their corresponding heteroduplexes. Cell, 

126(6), 1203-1217. 
https://doi.org/10.1016/j.cell.2006.07.031 

Mitter, N., Zhai, Y., Bai, A. X., Chua, K., Eid, S., 

Constantin, M., ... & Pappu, H. R. (2016). 

Evaluation and identification of candidate 

genes for artificial microRNA-mediated 

resistance to tomato spotted wilt virus. Virus 

Research, 211, 151-158. 
https://doi.org/10.1016/j.virusres.2015.10.003 

Mohammadi, M. R., Koohi-Habibi, M., 

Mosahebi, G., & Hajieghrari, B. (2006). 

Identification of prevalent potyvirus on maize 

and johnsongrass in corn fields of Tehran 

province of Iran and a study on some of its 

properties. Communications in Agricultural 

and Applied Biological Sciences, 71(3 Pt B), 

1311-1319. 

Moradi, Z., Mehrvar, M., Nazifi, E., & Zakiaghl, 

M. (2016). The complete genome sequences of 

two naturally occurring recombinant isolates 

of Sugarcane mosaic virus from Iran. Virus 

Genes, 52(2), 270-280. 
https://doi.org/10.1007/s11262-016-1302-5 

Padhi, A., & Ramu, K. (2011). Genomic evidence 

of intraspecific recombination in sugarcane 

mosaic virus. Virus Genes, 42, 282-285. 
https://doi.org/10.1007/s11262-010-0564-6 

Perera, M. F., Filippone, M. P., Ramallo, C. J., 

Cuenya, M. I., García, M. L., Ploper, L. D., & 

Castagnaro, A. P. (2009). Genetic diversity 

among viruses associated with sugarcane 

mosaic disease in Tucumán, Argentina. 

Phytopathology, 99(1), 38-49. 
https://doi.org/10.1094/PHYTO-99-1-0038 

Pérez-Quintero, Á. L., Neme, R., Zapata, A., & 

López, C. (2010). Plant microRNAs and their 

role in defense against viruses: a 

bioinformatics approach. BMC Plant Biology, 

10(1), 138. https://doi.org/10.1186/1471-2229-

10-138 
Petchthai, U., Yee, C. S. L., & Wong, S. M. 

(2018). Resistance to CymMV and ORSV in 

artificial microRNA transgenic Nicotiana 

benthamiana plants. Scientific Reports, 8(1), 

9958. https://doi.org/10.1038/s41598-018-28388-

9 

Peterson, S. M., Thompson, J. A., Ufkin, M. L., 

Sathyanarayana, P., Liaw, L., & Congdon, C. 

B. (2014). Common features of microRNA 

target prediction tools. Frontiers in Genetics, 

5, 23. https://doi.org/10.3389/fgene.2014.00023 

Pinzón, N., Li, B., Martinez, L., Sergeeva, A., 

Presumey, J., Apparailly, F., & Seitz, H. 

(2017). microRNA target prediction programs 

predict many false positives. Genome 

Research, 27(2), 234-245. 
doi/10.1101/gr.205146.116 

Qiu, L., Luo, H., Zhou, H., Yan, H., Fan, Y., 

Zhou, Z., ... & Wu, J. (2022). MicroSugar: A 

database of comprehensive miRNA target 

prediction framework for sugarcane 

(Saccharum officinarum L.). Genomics, 

114(4), 110420. 
https://doi.org/10.1016/j.ygeno.2022.110420 

Reichling, J. (2010). Plant‐microbe interactions 

and secondary metabolites with antibacterial, 

antifungal and antiviral properties. Annual 

Plant Reviews: Functions and Biotechnology 

of Plant Secondary Metabolites, 39, 214-347. 
https://doi.org/10.1002/9781444318876.ch4  

Rehmsmeier, M., Steffen, P., Höchsmann, M., & 

Giegerich, R. (2004). Fast and effective 

prediction of microRNA/target duplexes. 

RNA, 10(10), 1507-1517.  
https://doi.org/10.1261/rna.5248604 

https://doi.org/10.1186/1748-7188-6-26
https://doi.org/10.15252/embj.2023115113
https://doi.org/10.3389/fmicb.2024.1434798
https://doi.org/10.1073/pnas.0401799101
https://doi.org/10.1016/j.cell.2006.07.031
https://doi.org/10.1016/j.virusres.2015.10.003
https://doi.org/10.1007/s11262-016-1302-5
https://doi.org/10.1007/s11262-010-0564-6
https://doi.org/10.1094/PHYTO-99-1-0038
https://doi.org/10.1186/1471-2229-10-138
https://doi.org/10.1186/1471-2229-10-138
https://doi.org/10.1038/s41598-018-28388-9
https://doi.org/10.1038/s41598-018-28388-9
https://doi.org/10.3389/fgene.2014.00023
http://www.genome.org/cgi/doi/10.1101/gr.205146.116
https://doi.org/10.1016/j.ygeno.2022.110420
https://doi.org/10.1002/9781444318876.ch4
http://www.rnajournal.org/cgi/doi/10.1261/rna.5248604
http://www.rnajournal.org/cgi/doi/10.1261/rna.5248604


Tahmasebi and Ghodoum Parizipour, J Genet Resour, 2025; 11(2): 160-173 

172 

Ricaud, C., Egan, B. T., Gillaspie, A. G., & 

Hughes, C. G. (Eds.). (2012). Diseases of 

sugarcane (1st ed.). Elsevier Science, 

Amsterdam, Netherlands. 

Riolo, G., Cantara, S., Marzocchi, C., & Ricci, C. 

(2020). miRNA targets: from prediction tools 

to experimental validation. Methods and 

Protocols, 4(1), 1. 
https://doi.org/10.3390/mps4010001 

Shahriari, A. G., Tahmasebi, A., Ghodoum 

Parizipour, M. H., Soltani, Z., Tahmasebi, A., 

& Shahid, M. S. (2025). The crucial role of 

mitochondrial/chloroplast-related genes in 

viral genome replication and host defense: 

integrative systems biology analysis in plant-

virus interaction. Frontiers in Microbiology, 

16, 1551123. 
https://doi.org/10.3389/fmicb.2025.1551123 

Sharma, P. (2023). Epidemiology of potyviruses 

infecting crops of Cucurbitaceae. In Plant 

RNA Viruses (pp. 213-227). Academic Press. 
https://doi.org/10.1016/B978-0-323-95339-

9.00016-8 

Urcuqui-Inchima, S., Haenni, A. L., & Bernardi, 

F. (2001). Potyvirus proteins: a wealth of 

functions. Virus Research, 74(1-2), 157-175. 
https://doi.org/10.1016/S0168-1702(01)00220-9 

Vijai Singh, V. S., Sinha, O. K., & Rajesh Kumar, 

R. K. (2003). Progressive decline in yield and 

quality of sugarcane due to sugarcane mosaic 

virus. Indian Phytopathology, 56(4), 500-502.  

Viswanathan, R., & Balamuralikrishnan, M. J. S. 

T. (2005). Impact of mosaic infection on 

growth and yield of sugarcane. Sugar Tech, 7, 

61-65. https://doi.org/10.1007/BF02942419 

Wang, H., Jiao, X., Kong, X., Hamera, S., Wu, Y., 

Chen, X., ... & Yan, Y. (2016). A signaling 

cascade from miR444 to RDR1 in rice 

antiviral RNA silencing pathway. Plant 

Physiology, 170(4), 2365-2377. 
https://doi.org/10.1104/pp.15.01283 

Wang, J., Xu, G., Ning, Y., Wang, X., & Wang, 

G. L. (2022). Mitochondrial functions in plant 

immunity. Trends in Plant Science, 27(10), 

1063-1076. 
https://doi.org/10.1016/j.tplants.2022.04.007 

Wang, W., & Galili, G. (2019). Tuning the 

orchestra: miRNAs in plant immunity. Trends 

in Plant Science, 24(3), 189-191. 
https://doi.org/10.1016/j.tplants.2019.01.009 

Wenzhi, W., Ashraf, M. A., Ghaffar, H., Ijaz, Z., 

Zaman, W. U., Mazhar, H., ... & Zhang, S. 

(2024). In silico identification of sugarcane 

genome-encoded microRNAs targeting 

sugarcane mosaic virus. Microbiology 

Research, 15(1), 273-289. 
https://doi.org/10.3390/microbiolres15010019  

Wu, L., Zu, X., Wang, S., & Chen, Y. (2012). 

Sugarcane mosaic virus–long history but still 

a threat to industry. Crop Protection, 42, 74-

78. https://doi.org/10.1016/j.cropro.2012.07.005 

Xia, Z., Zhao, Z., Li, M., Chen, L., Jiao, Z., Wu, 

Y., ... & Fan, Z. (2018). Identification of 

miRNAs and their targets in maize in response 

to Sugarcane mosaic virus infection. Plant 

Physiology and Biochemistry, 125, 143-152. 
https://doi.org/10.1016/j.plaphy.2018.01.031 

Yue, D., Liu, H., & Huang, Y. (2009). Survey of 

computational algorithms for microRNA 

target prediction. Current Genomics, 10(7), 

478-492. 
https://doi.org/10.2174/138920209789208219 

Zhang, Q., Song, X., Ma, P., Lv, L., Zhang, Y., 

Deng, J., & Zhang, Y. (2021). Human 

cytomegalovirus miR-US33as-5p targets 

IFNAR1 to achieve immune evasion during 

both lytic and latent infection. Frontiers in 

Immunology, 12, 628364. 
https://doi.org/10.3389/fimmu.2021.628364 

Zhang, X., Du, P., Lu, L., Xiao, Q., Wang, W., 

Cao, X., ... & Li, Y. (2008). Contrasting effects 

of HC-Pro and 2b viral suppressors from 

Sugarcane mosaic virus and Tomato aspermy 

cucumovirus on the accumulation of siRNAs. 

Virology, 374(2), 351-360. 
https://doi.org/10.1016/j.virol.2007.12.045 

Zhao, S., & Li, Y. (2021). Current understanding 

of the interplays between host hormones and 

plant viral infections. PLoS Pathogens, 17(2), 

e1009242. 
https://doi.org/10.1371/journal.ppat.1009242 

Zheng, Z., Wang, N., Jalajakumari, M., 

Blackman, L., Shen, E., Verma, S., ... & 

Millar, A. A. (2020). miR159 represses a 

constitutive pathogen defense response in 

tobacco. Plant Physiology, 182(4), 2182-2198. 
https://doi.org/10.1104/pp.19.00786 

Zhou, Y., Xu, Z., Duan, C., Chen, Y., Meng, Q., 

Wu, J., ... & Li, X. (2016). Dual transcriptome 

analysis reveals insights into the response to 

Rice black-streaked dwarf virus in maize. 

Journal of Experimental Botany, 67(15), 

4593-4609. https://doi.org/10.1093/jxb/erw244 

https://doi.org/10.3390/mps4010001
https://doi.org/10.3389/fmicb.2025.1551123
https://doi.org/10.1016/B978-0-323-95339-9.00016-8
https://doi.org/10.1016/B978-0-323-95339-9.00016-8
https://doi.org/10.1016/S0168-1702(01)00220-9
https://doi.org/10.1007/BF02942419
https://doi.org/10.1104/pp.15.01283
https://doi.org/10.1016/j.tplants.2022.04.007
https://doi.org/10.1016/j.tplants.2019.01.009
https://doi.org/10.3390/microbiolres15010019
https://doi.org/10.1016/j.cropro.2012.07.005
https://doi.org/10.1016/j.plaphy.2018.01.031
https://doi.org/10.2174/138920209789208219
https://doi.org/10.3389/fimmu.2021.628364
https://doi.org/10.1016/j.virol.2007.12.045
https://doi.org/10.1371/journal.ppat.1009242
https://doi.org/10.1104/pp.19.00786
https://doi.org/10.1093/jxb/erw244


Tahmasebi and Ghodoum Parizipour, J Genet Resour, 2025; 11(2): 160-173 

173 

Zhu, T., Zhou, X., Zhang, J. L., Zhang, W. H., 

Zhang, L. P., You, C. X., ... & Guo, S. L. 

(2022). Ethylene‐induced NbMYB4L is 

involved in resistance against tobacco mosaic 

virus in Nicotiana benthamiana. Molecular 

Plant Pathology, 23(1), 16-31. 
https://doi.org/10.1111/mpp.13139 

 

 

https://doi.org/10.1111/mpp.13139

