Biology, Molecular Genetics, and Host Interactions of Soybean Mosaic Virus

Abstract  
Soybean mosaic virus (SMV), a member of the Potyviridae family, is one of the most economically significant viruses affecting soybean (Glycine max (L.) Merr.) crops globally. This review comprehensively examines the virological and genetic characteristics of SMV, its transmission mechanisms, host specificity, genomic structure, and the functional roles of its proteins, as well as the immune response of the host plant. The roles of viral proteins such as HC-Pro and CP, along with the DAG, KLSC, and PTK motifs, are critically analyzed for their contribution to aphid- and seed-mediated transmission. Genetic diversity and inter-strain differences in SMV isolates from the USA, China, Korea, and other regions, including evidence of recombination and mutation-driven evolution, are presented. Host resistance genes such as Rsv1, Rsv3, and Rsv4 mediate hypersensitive and extreme resistance, with molecular determinants including P3, HC-Pro, and CI proteins. This paper also analyzes the plant's defensive mechanisms, including salicylic acid, jasmonate, and ethylene signalling pathways, reactive oxygen species (ROS) generation, and the expression of pathogenesis-related (PR) genes. These findings provide crucial insights for breeding SMV-resistant soybean cultivars and developing integrated control strategies. The study insights form a foundation for the development of SMV-resistant soybean cultivars, the implementation of marker-assisted selection (MAS) strategies, and the design of integrated disease management programs tailored to the molecular biology of the virus and its interaction with the soybean host.
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1. Introduction
“Studying the molecular variability and genetic structure of viruses helps provide an understanding of their molecular evolutionary history in relation to virulence, dispersion, and the emergence of new epidemics” (Maugeri et al., 2025). “Soybean mosaic virus (SMV), a member of the Potyviridae family, belongs to the phylogenetic group of Bean common mosaic virus (BCMV), which includes 39 known potyviruses. The majority of viruses in this group are believed to have originated in South and East Asia” (Gibbs, 2008). “SMV is one of the most damaging viral pathogens of soybean (Glycine max) worldwide. It exhibits high host specificity and, under natural conditions, has been identified primarily in soybean (Glycine max), wild soybean (Glycine soja), Passiflora spp., Pinellia ternata, Senna occidentalis, and Vigna angularis”(Almeida et al., 2002; Chen et al., 2004; Benscher et al., 1996; Sun et al., 2008; Yoon et al., 2017). “For SMV to infect and replicate on its host, complex molecular interactions between viral proteins and host proteins are required. Particularly for this kind of virus like other positive-sense single-stranded RNA viruses, have a small genome; therefore, the host machinery is responsible for the replication of viral genomes” (Bwalya et al., 2023). 
“The viral determinants that define SMV’s narrow host range have not yet been fully mapped. However, existing evidence suggests that the helper-component proteinase (HC-Pro) does not play a major role in host adaptation” (Hajimorad et al., 2016). “There is a hypothesis that the P1 protein may contribute to the adaptation of SMV to Pinellia ternata, supported by some experimental data” (Chen et al., 2004; Valli et al., 2007), “although direct confirmation is still lacking. Under experimental conditions, SMV has demonstrated the ability to infect plant species from the genera Lespedeza, Phaseolus, Pisum, Nicotiana, Vigna, and Zantedeschia” (Gao et al., 2015b; Hunst and Tolin, 1982; Ross, 1969). “Naturally, SMV is transmitted in a non-persistent manner by aphids and also via infected seeds. Infected plants typically exhibit symptoms such as mosaic chlorosis, leaf deformation, necrosis, stunted growth, and, in severe cases, plant death. Seeds from infected plants often display characteristic mottling. In field conditions, yield losses can reach up to 86% if infection occurs across all plants”(Hajimorad et al., 2008). “The extent of yield loss depends on plant genotype, virus strain, infection severity, and timing. Infection after flowering or with an infection rate below 25% generally has minimal impact on yield quantity and quality. In recent years, several comprehensive reviews have summarized findings on SMV pathogenesis, genetics, and host interactions” (Cui et al., 2011; Hill & Whitham, 2014; Liu et al., 2016; Saghai Maroof et al., 2008a).
1. SMV Distribution and Transmission Mechanisms
1.1. Disease Symptoms in Indicator Plants
Disease symptoms, their onset time, and the primary researchers who studied SMV infections in various indicator plant species are summerized in Table 1.
Table 1. Disease symptoms of Soybean mosaic virus (SMV) in indicator plants


	No.
	Indicator Plant Species
	Disease Symptoms
	Symptom Onset (Days)
	References

	1
	Glycine max (cultivated soybean)
	Mosaic, leaf deformation
	7–10
	Hill et al., 2007; Hajimorad et al., 2008

	2
	Glycine soja (wild soybean)
	Yellowing, mosaic, deformation
	8–12
	Wang et al., 2011

	3
	Nicotiana tabacum (tobacco)
	Mosaic, leaf curling
	5–7
	Anjos et al., 1985

	4
	Vigna unguiculata (cowpea)
	Bright mosaic, necrosis
	4–6
	Atreya et al., 1990

	5
	Chenopodium amaranticolor
	Local necrotic lesions
	3–5
	Bowers & Goodman, 1991

	6
	Phaseolus vulgaris (common bean)
	Mosaic, leaf curling
	7–9
	Ghabrial et al., 1991

	7
	Senna occidentalis
	Mosaic, deformation
	9–12
	Almeida et al., 2002

	8
	Passiflora spp.
	Mild mosaic, yellowing
	10–14
	Chen et al., 2004

	9
	Pinellia ternata
	Mild deformation, color change
	10–15
	Yoon et al., 2017


1.2. Aphid Transmission
Experimental studies have shown that over 35 aphid species can transmit SMV in a non-persistent manner (Irwin & Goodman, 1981). “However, in field conditions, only a few aphid species are responsible for most transmission events. In the central-northern United States, Aphis craccivora, Macrosiphum euphorbiae, Myzus persicae, Rhopalosiphum maidis, and R. padi have been implicated in more than 90% of SMV transmissions” (Halbert et al., 1981). In Thailand, Myzus persicae and Aphis gossypii are the main vectors (Banziger & Hengsawad, 1985). Although Aphis glycines is capable of SMV transmission under laboratory conditions (Hill et al., 2001), its vector efficiency in the field is low (Wang & Ghabrial, 2002). Furthermore, A. glycines exhibits reduced growth on SMV-infected plants compared to healthy hosts (Cassone et al., 2015; Donaldson & Gratton, 2007). Importantly, the transmission efficiency varies significantly among SMV isolates, even when the same aphid species is used (Domier et al., 2003; Lucas & Hill, 1980). Key viral determinants in aphid transmission are the HC-Pro and CP proteins. HC-Pro acts as a bridge between virions and the aphid stylet (Ng & Falk, 2006). Specific motifs such as KLSC (KITC-like), PTK, and DAG play essential roles in vector interaction—KLSC binds to the aphid stylet, while PTK interacts with DAG in CP (Atreya et al., 1990; Blanc et al., 1997, 1998; Kendall et al., 2008). The carboxy-terminal residues of HC-Pro and surface-exposed residues of CP also influence transmissibility (Jossey et al., 2013; Kang et al., 2006).
1.3. Seed Transmission
“Seed transmission plays a major role in SMV epidemiology, particularly in China and North America” (Goodman et al., 1979; Hill et al., 1980; Zhang et al., 1986). The rate of seed transmission varies between 0% and 64%, depending on virus strain and soybean genotype (Bowers & Goodman, 1991; Domier et al., 2007; Porto & Hagedorn, 1975). The P1, HC-Pro, and CP cistrons are implicated as seed transmission determinants (Jossey et al., 2013), with the DAG motif in CP and amino acid substitutions at its C-terminus playing key roles in seed transmission and mottling. HC-Pro and CP are involved in both aphid- and seed-based transmission. For instance, SMV isolates with low aphid transmissibility by A. glycines also show low seed transmission (Domier et al., 2007). RNA silencing mechanisms may contribute to seed coat mottling caused by SMV (Zhang et al., 2011; Cho et al., 2013). In soybean, DCL3 and RDR6 genes (homologs of Arabidopsis thaliana) located on chromosomes 4 and 6 are linked to seed transmission and mottling (Domier et al., 2011). Infected plants or those infected by strong RNA silencing suppressors (RSSs) may show variable mottling symptoms depending on virus virulence and host genotype (Bowers & Goodman, 1991; Hobbs et al., 2003). SMV HC-Pro is thought to induce mottling by suppressing chalcone synthase mRNA silencing (Senda et al., 2004).
2. Genetic Diversity of Soybean Mosaic Virus (SMV)
The genetic diversity of SMV isolates was initially revealed when certain soybean cultivars, previously considered resistant, became infected (Ross, 1969, 1975). Isolates differed in symptom expression, seed and aphid transmissibility, impact on cellular ultrastructure, and host range under experimental conditions. Cho and Goodman (1979) developed a classification system for SMV isolates in the United States based on phenotypic responses of the resistant and susceptible cultivars. This system divides isolates into seven groups (G1–G7) and is still widely used in Brazil, Iran, Korea, and Ukraine (Ahangaran et al., 2013; Almeida, 1981; Anjos et al., 1985; Cho et al., 1977; Sherepitko et al., 2011). Japan and China, however, use alternative classification systems. In Japan, SMV strains are classified as A, B, C, D, and E, while in China, strains are named SC1 to SC21. The first complete genome sequences of SMV were determined for the G2 and G7 strains (Jain et al., 1992; Jayaram et al., 1991, 1992). Since then, full-length sequences have been obtained for multiple isolates from China, Iran, Japan, Korea, and North America, enabling detailed evolutionary analyses. These studies have shown that SMV genes are subject to diverse selection pressures (Zhou et al., 2015). In Korea, changes in pathotype composition since the 1970s have been linked to sequence variations in HC-Pro and cylindrical inclusion (CI) proteins (Kim et al., 2003). Phylogenetic trees based on full-length genomes reveal four major groups of SMV isolates from China, Korea, and the USA, with substantial genetic divergence (Chen et al., 2017b; Zhou et al., 2015). In China, intra- and interspecific recombination events are frequent, with documented recombination involving Bean common mosaic virus (BCMV), indicating that recombination, alongside mutation, plays a significant role in SMV diversification (Yang et al., 2014; Zhou et al., 2014).
3. Genome Organisation and Expression of SMV
“The genome of Soybean mosaic virus (SMV) is a positive-sense single-stranded RNA approximately 9,600 nucleotides in length, containing a single large open reading frame” (ORF) (Jayaram et al., 1992). “The RNA is polyadenylated at the 3' end and covalently linked to a viral protein (VPg) at the 5' end. The ORF encodes a polyprotein that is post-translationally processed by three virus-encoded proteases into several functional proteins. The NIa protein undergoes self-cleavage to generate both the VPg and protease domains. Additionally, the SMV genome encodes a small overlapping open reading frame named pipo, which is expressed via transcriptional slippage and produces a fusion protein known as P3N-PIPO” (Chung et al., 2008; Wen and Hajimorad, 2010). “PIPO was the first movement-related protein identified among potyviruses and has since been shown to play a key role in viral cell-to-cell movement” (Cui et al., 2017; Rodamilans et al., 2015). “SMV virions possess a flexuous, rod-like morphology and have served as a model in structural virology. Their symmetry and structure have been studied using cryo-electron microscopy, X-ray diffraction, and scanning transmission electron microscopy” (Kendall et al., 2008). “The replication mechanism, genome organization, and gene expression strategy of SMV are largely consistent with other model potyviruses such as Tobacco etch virus (TEV) (Eggenberger et al., 1989; Vance and Beachy, 1984a, b). Comprehensive reviews have been published detailing the genome structure and protein functions of potyviruses” (Ivanov et al., 2014; Lopez-Moya et al., 2009; Revers and Garcia, 2015).
4. Functional Roles of SMV-Encoded Proteins
[bookmark: _GoBack]“Despite extensive research on potyviruses in general, the functional characterisation of individual proteins encoded by SMV remains relatively limited. However, several studies have provided important insights into their roles in viral pathogenesis, movement, and host interactions. The P1 protein interacts with the mature Rieske Fe/S protein in the host plant, suggesting its involvement in symptom development and viral adaptation to specific hosts” (Shi et al., 2007). “The HC-Pro protein plays dual roles: it facilitates aphid-mediated transmission and acts as a suppressor of RNA silencing” (Li et al., 2014; Lim et al., 2005, 2011; Jossey et al., 2013; Senda et al., 2004). “The P3 and P3N-PIPO proteins interact with the small subunit of Rubisco, a key enzyme in photosynthesis, linking them to symptom expression” (Lin et al., 2011). “The interaction of P3 with actin depolymerizing factor 2 may influence viral cell-to-cell movement” (Lu et al., 2015), while P3N-PIPO’s interaction with Golgi SNARE 12 supports its role in trafficking through plasmodesmata (Song et al., 2016b). HC-Pro and P3 proteins are also crucial for determining SMV virulence (i.e., the ability to overcome R gene-mediated resistance) and pathogenicity (i.e., symptom severity and viral accumulation) (Ahangaran et al., 2013; Hajimorad et al., 2003–2011; Khatabi et al., 2012–2013; Lim et al., 2007; Wang et al., 2015). Although PIPO is essential for viral movement, it does not appear to influence virulence against Rsv1-genotype soybeans (Wen & Hajimorad, 2010; Wen et al., 2011). “The 6K1 protein localises to the periphery of infected cells, suggesting a role in intracellular trafficking” (Hong et al., 2007). “The CI protein is well known for its involvement in virulence and pathogenicity” (Zhang et al., 2009). “The NIa protease has confirmed enzymatic activity, and specific cleavage motifs have been experimentally validated” (Ghabrial et al., 1990). “The coat protein (CP) is involved in both short- and long-distance movement within the plant, as well as in aphid- and seed-mediated transmission” (Jayaram et al., 1991, 1998; Jossey et al., 2013; Seo et al., 2010, 2013). “Given that SMV is a typical potyvirus, its encoded proteins perform functions largely analogous to those of other model potyviruses. Comprehensive reviews of potyviral proteins and their functions have been published recently” (Revers & Garcia, 2015; Rohozkova & Navratil, 2011; Sorel et al., 2014; Valli et al., 2017).
5. Resistance Genes in Soybean Against SMV
Extensive studies of the SMV–soybean pathosystem have led to the identification and molecular characterization of numerous resistance (R) genes that confer resistance to specific SMV strains (Jeong & Saghai Maroof, 2004; Suh et al., 2011; Domier et al., 2011; Ilut et al., 2016). These advances were made possible by the availability of diverse genetic, virological, and genomic resources such as SMV strain collections, differential soybean cultivars, near-isogenic lines, recombinant inbred lines (RILs), and high-density genetic maps (Suh et al., 2011). The availability of the complete soybean genome sequence, along with cost-effective resequencing technologies and RNA-Seq analysis, has greatly facilitated the identification and mapping of candidate genes for both Rsv and Rsc loci (Ilut et al., 2016; Wang et al., 2011). In the United States, major dominant resistance genes conferring protection against SMV strains include Rsv1, Rsv3, Rsv4, and the more recently described Rsv5, which are located on chromosomes 2, 13, and 14 (Saghai Maroof et al., 2008a; Klepadlo et al., 2017b). In China, resistance genes against SC strains are designated with the prefix Rsc followed by the strain number (Li et al., 2010b). Many Rsc genes map to chromosomal regions similar to those of Rsv genes. For example, Rsc15, which confers resistance to SC15, is mapped to chromosome 6 (Yang & Gai, 2011). However, allelic relationships between Rsv and Rsc loci remain unresolved, and no recessive resistance genes have been reported to date. The Rsv1 locus was originally identified in the soybean cultivar PI96983 (Kiihl & Hartwig, 1979), conferring extreme resistance (ER) to avirulent SMV strains. Under ER, no symptoms or virus accumulation are observed in leaf tissues, and no significant changes in gene expression occur (Zhang et al., 2012). Graft inoculation can trigger a limited hypersensitive response (HR) (Hajimorad & Hill, 2001). SMV strain G7 induces both localized HR and systemic lethal HR (LSHR), which is associated with “weak elicitor” activity (Hajimorad et al., 2003, 2005; Wen et al., 2013). The Rsv1 locus is structurally complex and contains more than 10 alleles, including Rsv1-c (Corsica), Rsv1-d (FT-10), Rsv1-h (Suweon97), Rsv1-k (Kwanggyo), Rsv1-m (Marshall), Rsv1-n (PI507389), Rsv1-r (Raiden), Rsv1-s (LR1, PI486355), Rsv1-t (Ogden), and Rsv1-y (York). The Rsv1-y allele found in ‘York’ was recently renamed Rsv5, and it maps near Rsv1 (Chen et al., 1991; Klepadlo et al., 2017b). Resistance in ‘Raiden’ was initially designated as Rsv2 but later reclassified as Rsv1-r (Chen et al., 2001; Gunduz et al., 2001). The Rsv1 locus is located on chromosome 13 (MLG F). In PI96983, several candidate NB-LRR genes have been identified within this region, among which Glyma13g190800, encoding a CC-NB-LRR protein, is considered the primary candidate (Hayes et al., 2004). Additional Rsc genes, such as Rsc-ps and Rsc-pm, conferring resistance to SC3, SC6, SC7, and SC17, have also been mapped to this region (Yang et al., 2013). The Rsv1-h gene was fine-mapped to a 97.5 kb interval that includes two candidate CC-NB-LRR genes (Ma et al., 2016).
6. Virulence and Avirulence Determinants of SMV
Soybean mosaic virus (SMV) has evolved various strategies to overcome resistance governed by soybean R genes. Several SMV strains are naturally virulent, and molecular analyses have revealed critical viral genomic determinants involved in this virulence. Using naturally occurring and laboratory-evolved virulent variants, comparative genomics, recombinant viruses, and site-directed mutagenesis approaches, researchers have identified the genetic basis of SMV virulence and avirulence in R gene–harbouring soybean genotypes.
6.1. Determinants for Rsv1-Mediated Resistance
Field isolates of SMV that are virulent on Rsv1-genotype soybeans are relatively rare but have been reported in Korea (Ahangaran et al., 2013). The determinant for triggering Rsv1-mediated systemic lethal hypersensitive response (LSHR) has been mapped to the P3 protein (Hajimorad et al., 2003, 2005). Additionally, HC-Pro has also been implicated in activating LSHR (Khatabi et al., 2013; Seo et al., 2011). Achieving virulence on Rsv1 soybean genotypes requires combined mutations in both HC-Pro and P3 proteins (Wen et al., 2013). However, such mutations often come at a fitness cost, particularly mutations in HC-Pro.
6.2. Determinants for Rsv3-Mediated Resistance
The Rsv3 locus in the soybean cultivar L29 confers either extreme resistance (ER) or restricts viral replication (Seo et al., 2009a; Zhang et al., 2009). The avirulence determinant for Rsv3 lies within the CI protein, where a single amino acid substitution can render the virus virulent (Seo et al., 2009a; Zhang et al., 2009). Nevertheless, SMV strains capable of overcoming Rsv3 are widely distributed globally. This finding contradicts the hypothesis proposed by Chowda-Reddy et al. (2011b), which suggested that multiple mutations across different genes would be required, thereby stabilising Rsv3-mediated resistance (Harrison, 1982).
6.3. Determinants for Rsv4-Mediated Resistance
Three amino acid positions within the P3 protein determine the virulence or avirulence of SMV strains on Rsv4-genotype soybean (Chowda-Reddy et al., 2011a). The genetic composition of P3 also affects which amino acid is selected during adaptation (Ahangaran et al., 2013; Khatabi et al., 2012). Although it was previously hypothesised that multiple SMV proteins may contribute to virulence against Rsv4 (Chowda-Reddy et al., 2011b), subsequent studies have not confirmed this. Notably, SMV strains adapted to Rsv4 often exhibit reduced infectivity in susceptible soybean cultivars, which may help maintain the long-term durability of Rsv4-mediated resistance (Wang & Hajimorad, 2016).
7. Soybean Immune Responses to SMV Infection
One of the earliest responses of soybean plants to viral infection is the activation of pathogenesis-related (PR) genes. In SMV-infected soybean, several defense-associated genes, including PR-1, PR-2, PR-3, and PR-10, as well as genes encoding protease inhibitors, phenylalanine ammonia-lyase (a key enzyme that initiates the phenylpropanoid pathway by converting phenylalanine to cinnamic acid), WRKY transcription factors, chalcone synthase (a central enzyme in flavonoid biosynthesis and plant defense), glutathione S-transferase, oxidoreductases, and various signal transduction elements are upregulated (Chen et al., 2017a; Hwang et al., 2014; Kim et al., 2016; Lee et al., 2005; Zhang et al., 2012). Multiple hormonal signaling pathways are activated during SMV infection, including those mediated by jasmonic acid (JA), salicylic acid (SA), and ethylene (ET) (Chen et al., 2017a; Kim et al., 2016; Yang et al., 2011). The systemic lethal hypersensitive response (LSHR) governed by Rsv1 is regulated via ET and SA pathways (Khatabi et al., 2013; Wen et al., 2013). Antagonistic interactions between JA and SA signalling have been confirmed in SMV-infected soybean, where SA-mediated signalling suppresses SMV replication (Lim et al., 2016).
Viral infection induces oxidative stress in host plants. SMV infection triggers the production of reactive oxygen species (ROS), leading to the activation of several ROS-related enzymes, including NADPH oxidase (RBOH), superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), ascorbate peroxidase (APX), and glutathione S-transferase (GST) (Zhang et al., 2012). Additionally, phosphorylation-dependent signalling cascades, including MAPK and CDPK pathways, are activated following SMV infection (Lee et al., 2005; Seo et al., 2007). These coordinated responses highlight the complex molecular network employed by soybean plants to detect, signal, and counteract SMV infection.

Conclusion
The analytical findings presented in this review underscore the complexity, high infectivity, and agronomic significance of Soybean mosaic virus (SMV). Understanding the mechanisms of virus transmission—especially the molecular determinants of aphid- and seed-mediated spread—helps clarify the epidemiological dynamics underlying its wide distribution.
Molecular analyses of the SMV genome and the functional characterisation of its encoded proteins have illuminated key interactions between the virus and its host. Proteins such as HC-Pro, P3, CP, and PIPO have been identified as crucial for viral transmission, movement, and virulence.
On the host side, resistance mechanisms are mediated by a variety of R genes, PR genes, ROS-responsive enzymes, and hormonal signalling pathways, including those involving salicylic acid, jasmonic acid, and ethylene. The emergence of SMV strains capable of overcoming specific R gene-mediated resistance suggests that evolutionary pressures and viral adaptability continue to shape the virus population.
Collectively, these insights form a foundation for the development of SMV-resistant soybean cultivars, the implementation of marker-assisted selection (MAS) strategies, and the design of integrated disease management programs tailored to the molecular biology of the virus and its interaction with the soybean host.
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