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Introduction

Throughout the course of evolution, plants have developed remarkably sophisticated biological mechanisms
that enable them to respond dynamically and effectively to a wide array of environmental and biotic stressors.
Among the most formidable challenges plants face are infections by pathogenic agents, particularly viruses and
viroids, which pose significant threats to plant health, productivity, and agricultural sustainability worldwide.
Despite fundamental differences in their structure and mode of action, both viruses and viroids profoundly
disrupt host physiological and molecular processes, leading to detrimental impacts on plant growth and defense
systems.

Materials and Methods

This review synthesizes current knowledge on the complex interactions among viruses, viroids, and their
plant hosts, focusing on the molecular crosstalk that governs secondary metabolite biosynthesis and
phytohormonal regulation during infection. The information presented herein was compiled through a systematic
review and analysis of relevant scientific literature, focusing on recent advancements and foundational studies in
plant-pathogen interactions, molecular biology, and biochemistry. The goal was to provide a comprehensive
overview of the defense mechanisms plants employ against viral and viroid infections.

Results and Discussion

Plant viruses, as obligate intracellular parasites, invade host cells and hijack cellular machinery to facilitate
their replication and spread. This intrusion perturbs the host’s metabolic networks, altering the expression of
genes involved in the biosynthesis of secondary metabolites such as alkaloids, terpenoids, and
phenylpropanoids—compounds integral to plant defense. These metabolites not only serve as direct
antimicrobial agents but also act as crucial modulators of signaling pathways that orchestrate defense responses
and maintain cellular homeostasis. Moreover, viruses target and manipulate key plant hormonal signaling
pathways involving salicylic acid, ethylene, abscisic acid, and methyl jasmonate. These phytohormones function
as key regulators that modulate the delicate balance between growth and defense. Disruption of their signaling
cascades manifests in a spectrum of pathological symptoms including stunted growth, chlorosis, necrosis,
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wilting, and characteristic mosaic leaf patterns, all of which reflect the profound physiological stress inflicted by
viral invasion. In contrast, viroids—small, circular, non-coding RNA molecules—Ilack the capacity to encode
proteins yet exert their pathogenicity through more subtle, yet no less consequential, mechanisms. By interfering
with host gene expression and regulatory networks, viroids indirectly modulate the biosynthesis of defense-
related metabolites and hormonal pathways. Although the mechanistic nuances of viroid pathogenicity differ
from those of viruses, the resultant physiological disruptions and yield losses underscore their significance as
persistent plant pathogens. Viroids—small, circular, non-coding RNAs—exert pathogenic effects through subtler
mechanisms. Recent studies demonstrate that viroid infections can alter the transcriptional regulation of key
biosynthetic genes involved in the production phenylpropanoids (including flavonoids and other phenolic
compounds) and alkaloids—secondary metabolites that contribute significantly to structural defense, oxidative
stress mitigation, and pathogen inhibition. These effects are often mediated through complex epigenetic
mechanisms or RNA-based gene silencing pathways, leading to changes in enzymatic activity such as
phenylalanine ammonia-lyase (PAL), chalcone synthase (CHS), and other enzymes central to the
phenylpropanoid and alkaloid biosynthetic routes. Such metabolic shifts not only influence the plant’s basal
immunity but also fine-tune the dynamic equilibrium between stress tolerance and physiological performance.
Central to plant immunity are phytohormones, which play multifaceted roles in modulating immune responses.
Notably, gibberellins and brassinosteroids exhibit dualistic functions, influencing both growth modulation and
host susceptibility or resistance, whereas salicylic acid and jasmonates predominantly act as defense inducers,
activating complex immune signaling networks. Ethylene’s role is more context-dependent; it may either
amplify or attenuate defense responses contingent upon the specific virus involved and the physiological state of
the host plant. Recent advances have illuminated the crucial involvement of certain phytohormones—such as
salicylic acid, jasmonates, and brassinosteroids—in counteracting viroid infections. These hormones enhance
host defenses by triggering signal transduction pathways that activate defense gene expression, thereby
strengthening resistance mechanisms. This emerging evidence highlights the intricate and multilayered nature of
plant immunity, underscoring the importance of hormonal regulation in maintaining a balanced and effective
defense system. A hallmark of the plant’s antiviral defense is the induction of ethylene biosynthesis and
activation of salicylic acid-dependent signaling pathways, culminating in systemic acquired resistance (SAR).
SAR represents a long-lasting, broad-spectrum immune response that restricts pathogen proliferation beyond the
initial infection site, thereby bolstering systemic immunity and fortifying plant resilience against secondary
infections. Complementing these hormonal defenses, secondary metabolites serve as a critical line of defense,
executing antiviral functions through diverse mechanisms including inhibition of viral replication, suppression of
viral protein activity, and mitigation of oxidative damage.

Conclusions

The synergistic interplay between hormonal signaling and secondary metabolite production constitutes a
cohesive and robust molecular defense network, the comprehensive understanding of which holds tremendous
potential for the development of innovative strategies in plant disease management. This review synthesizes
current knowledge on the complex interactions among viruses, viroids, and their plant hosts, focusing on the
molecular crosstalk that governs secondary metabolite biosynthesis and phytohormonal regulation during
infection. By elucidating these sophisticated regulatory networks, this work offers valuable insights and practical
perspectives for leveraging this understanding in plant breeding programs and sustainable agriculture. The
ultimate goal is to enhance crop resistance, improve yield stability, and contribute meaningfully to global food
security in the face of escalating biotic stresses.
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Figure 1- (A) A schematic representation of the biosynthesis of secondary metabolites, in which precursors (substrates) are converted
into final products through the action of specific biosynthetic enzymes. (B) Major biosynthetic pathways and their corresponding
precursors involved in the formation of key classes of secondary metabolites. These pathways are primarily derived from primary
metabolites, including amino acids, carbohydrates, and lipids. The figure is adapted and modified from Ferdes (2018). Shikimic
acid functions as a central intermediate in amino acid metabolism, while acetyl-CoA contributes to the biosynthesis of terpenes,

flavonoids, and certain organic acids, forming a distinct group of secondary metabolites.
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Table 1. Secondary metabolites affected by plant interactions with viruses and viroids

Virus species Host Secondary metabolites/metabolism References
Caulimovirus Arabidopsis - Callaway et al.,
tessellobrassicae thaliana Camalexin 1996
. Passiflora :
Cucumovirus CMV edulis Polyphenols, flavonoids (Lan et al., 2020)
Flavonol derivatives (myricetin, kaempferol, and quercetin) (Montero et al
Ampelovirus trivitis Vitis vinifera and hydroxycinnamic acids, including those based on caffeic 2016) o
acid
Pathways involved in flavonoid and anthocyanin
biosynthesis—including malvidin-3-O-glucoside, petunidin-3- (Blanco-Ulate
Grablovirus vitis Vitis vinifera O-glucoside, delphinidin-3-O-glucoside, pelargonidin-3-O- etal., 2017)
glucoside, and cyanidin-3-O-glucoside—along with "
phenylpropanoid and isoflavonoid metabolism
Co-infection of Carlavirus (Pethybridge
latenshumuli and Humulus . . S et al., 2002;
Carlavirus humuli lupulus Polyphenols, a- and B-bitter acids, essential oils Jelinek et al .
2012)
. : : Solanum : I : Kogovsek
Potyvirus yituberosi tuberosum Glycolysis, TCA cycle, oxidative phosphorylation etal 2016
llarvirus PNRSV— Humulus (;e;?yggggg
PNRSV-A and PNRSV-I a- and B-bitter acids, polyphenols, essential oils ban ’
. lupulus Jelinek et al.,
strains
2012)
- - S-adenosyl-L-methionine (SAM), SAM metabolism and (Zhao
Phytoreovirus alphaoryzae Oryza sativa ethylene biosynthesis etal. 2017)
Potyvirus croci Crocus sativus Picrocrocin, safranal, crocetin, kaempferols, and esters (Parlzzgijggt al.
Potyvirus sacchari Zea mays Glycolytic intermediates, malate, mMROS (Jlaznogzg'; al.
. Passiflora (Chen et al.,
Potyvirus telosmae edulis Phenols 2018)
: : Nicotiana : . - . (Chong etal,
Tobamovirus tabaci Scopoletin and its glycosylated derivative, scopolin 2002; Costet
tabacum
et al., 2002)
- - Nicotiana L (Sharma et al.
Tombusvirus lycopersici benthamiana Sterols, Phospholipids 2010; 2011)

: : Arabidopsis : Dempsey et al.,
Betacarmovirus brassicae thaliana Camalexin 1097
Cucurbit chlorotic yellows : : TR : : (zhang

Virus*® Cucumis sativus Flavonoids, lipids, amino acids etal., 2022)
. . Papaver . . . . .
Umbravirus papaveri somniferum var. Thebaine, mgg%rélir:]% ﬁélllr(g(l)ct)ilrc]is-papaverlne, (Zz?)lﬂae't g)l
Sampada ' ’
Avsunviroid Persea - . M : (Vallejo-Pérez et
albamaculaperseae americana Lipid metabolism, ripening-associated pathways al., 2015)
Malus Isoflavonoids, Phenylpropanoids, Carbohydrate and amino
Apscaviroid cicatricimali domestica acid metabolism (L-2-aminobutyric acid, 6"-O- (Li et al., 2023)
malonyldaidzin, D-xylose, Coumarin)
. - Dendrobium : : s -
Apscaviroid dendrobii officinale Flavonoids, Alkaloids, Phenolic acids (Li et al., 2022)
. . Humulus . . S (Patzak et al.,
Cocadviroid latenshumuli lupulus Alpha-bitter acids, xanthohumol, essential oils (terpenes) 2021)
Co-infection of 5
Cocadviroid rimocitri and ']'STHLUSS Flavonoids, phenolic acids, and terpenoids (Stajzn(f{ge)t al.,
Cocadviroid latenshumuli P
Xanthohumol (chalcone), echinocystic acid (triterpenoid),
hlorogenic acid, rosmarinic acid (phenolic acids), indole-3-
L : - Solanum ¢ : : - : : : (Tang et al.,
Pospiviroid fusituberis lycopersicum carbinol (indole alkaloid), porphyrins, steroidal alkaloids, 2024)

tryptophan derivatives, flavonoid glycosides (kaempferol
derivatives)

ol 0035 (S (B gy sl Jalli €403) ICTV bawgs j50 g9 0l pU°
*The species name of this virus has not yet been assigned by ICTV
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