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Abstract: Criniviruses, members of the Closteroviridae, illustrate how molecular evolution, vector ecology, and
climatic variability converge to determine plant virus emergence and persistence. Although individual genomic and
transmission traits are well studied, their cross-scale integration has remained limited. Recent advances in
comparative genomics and high-throughput sequencing have revealed that bipartite genome reassortment,
recombination hotspots, and quasi-species microdiversity provide the genetic flexibility that sustains crinivirus
adaptation across hosts. Parallel discoveries in vector biology show that endosymbiont-mediated modulation within
Bemisia tabaci and Trialeurodes vaporariorum strongly influences viral retention and transmissibility. Coupled with
climate-driven shifts in vector distribution and the microclimatic stability of protected cultivation systems, these
processes collectively explain current expansion patterns of crinivirus diseases. Integrating molecular, ecological,
and spatial perspectives offers a basis for predictive risk modeling and climate-responsive management, supported
by advances in field-deployable diagnostics, precision breeding, and endosymbiont-targeted control strategies.
Together, these developments frame a systems-level understanding of crinivirus epidemiology that aligns plant
virology with adaptive, sustainable crop protection.
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Introduction

Criniviruses are a genetically distinct genus within the family Closteroviridae, characterized by a bipartite, positive-sense
single-stranded RNA genome and a strict tropism for phloem tissues [1, 2]. Unlike members of the genera Closterovirus and
Ampelovirus, criniviruses rely primarily on whitefly vectors for transmission, most notably Bemisia tabaci (MED, MEAM1) and
Trialeurodes vaporariorum. They are transmitted in a semi-persistent manner, a vector interaction strategy that critically
influences their field spread, host range, and overall epidemiological dynamics [3, 4]. Phylogenetic analyses based on
conserved genomic regions including the RNA-dependent RNA polymerase (RdRp), heat shock protein 70 homolog
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(HSP70h), and Coat Protein (CP) support the monophyly of crinivirus species and clearly separate them from other
closteroviral lineages [5-7]. Importantly, the bipartite genome architecture of criniviruses enables functional partitioning, with
RNA1 dedicated to replication and RNA2 governing movement and encapsidation. This modular organization provides
adaptive flexibility during host colonization and intercellular trafficking [8]. This genomic configuration likely emerged under
co-evolutionary pressure from vector specialization. Comparative analyses suggest that divergence within the genus was
shaped by transmission efficiency optimizations toward specific whitefly species, paralleled by expansion into a broad range
of dicotyledonous hosts [9]. In response to expanding molecular and ecological knowledge, the International Committee on
Taxonomy of Viruses [2] has updated genus-level classification criteria. These now include genome organization, amino acid
identity thresholds, and distinct whitefly-mediated transmission phenotypes to better demarcate species boundaries within
Crinivirus.

Criniviruses represent a growing threat to vegetable production worldwide due to their bipartite RNA genomes and
phloem-specific tropism [10, 11]. While all species share these fundamental traits, variations in host range, accessory
movement proteins, and viral suppressors of RNA silencing create species-specific epidemiological outcomes [12]. Intensive
agricultural systems have inadvertently created ecological conditions favorable for the emergence and persistence of
criniviruses. Greenhouse environments extend crop duration, increase relative humidity, and reduce the abundance and
diversity of natural enemies that collectively support elevated whitefly populations and enhance virus transmission rates [3,
12]. Concomitantly, intensive monoculture in high-input vegetable production systems reduces host genetic diversity and limits
the activation of innate defense mechanisms. This reduction in genetic and physiological resilience renders crops highly
susceptible to phloem-limited viruses, including criniviruses [13, 14]. Both of these threats are compounded by the spread of
Bemisia tabaci around the world, supported by the rising temperatures and expanding agricultural frontiers (Figure 1). Climate
warming enhances thermal suitability for whitefly reproduction, survival, and distribution, especially in tropical and subtropical
agroecosystems where overlapping vector phenology and continuous cropping windows maximize infection pressure [15].
Compounding the problem is the widespread development of insecticide resistance in B. tabaci populations, which
undermines conventional control strategies and enables long-term vector persistence [16]. Additionally, the international trade
of vegetatively propagated materials such as seedlings that appear asymptomatic yet harbor latent infections serves as an
efficient pathway for cross-border Crinivirus dissemination [17, 18]. The synchrony between whitefly population peaks and
stages of crop susceptibility in controlled or year-round cultivation systems results in high viral transmission efficacy [7]. Emerging
outbreaks in sub-Saharan Africa and South Asian regions further underscore the global relevance of these viruses [10].
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Fig. 1: Conceptual model of the global epidemiological trends and ecological distribution shifts in Crinivirus infections. (a)
Regional Emergence Patterns highlight increasing outbreaks of Tomato chlorosis virus (ToCV) and Cucurbit yellow stunting
disorder virus (CYSDV) across the Mediterranean basin, Latin America, and parts of Asia; (b) Climate Change Effects, including
rising temperatures and altered precipitation regimes intensifying vector activity; (c) Whitefly Population Expansion driven by
elevated thermal conditions; (d) Protected Cultivation Spots, particularly greenhouse-based vegetable production systems,
serve as ecological refuges for whiteflies and hotspots for virus transmission; Spatiotemporal Risk Mapping frameworks
essential for forecasting and managing Crinivirus epidemiology under global change scenarios
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Amidst the escalating threat of emerging and re-emerging plant viruses, Criniviruses demand urgent attention due to their
expanding geographic distribution, broadening host range, and persistent challenges in intensive horticultural systems.
Despite substantial progress in understanding their bipartite genome organization and whitefly-mediated transmission, critical
gaps remain in linking molecular evolution, intra-host microdiversity, and vector ecology to field-level epidemiology. This review
addresses these gaps by synthesizing recent advances in Crinivirus molecular biology, vector virus host interactions, and
climate-driven epidemiological shifts, while highlighting unresolved questions concerning transmission efficiency, host
adaptation, and outbreak predictability. Furthermore, we critically evaluate persistent diagnostic bottlenecks and emerging
surveillance technologies, including Al-driven risk forecasting and spatial epidemiology tools, to enhance early detection and
proactive management. The review also emphasizes the underexplored role of vector endosymbionts and behavioral ecology
in shaping virus persistence and epidemic dynamics. Structured around four integrative domains:

(i)  Molecular and Evolutionary Foundations
(i)  Host Vector Virus Dynamics
(i) Epidemiological Transitions under Climate Stress

(iv) Sustainable and Predictive Management; this review positions itself as a timely resource for advancing strategic
research and translational applications in the Crinivirus pathosystem

Methodology

This review was conducted using a structured narrative approach to evaluate published research on crinivirus biology,
virus—vector interactions, epidemiology, and disease management. Literature searches were performed in Web of Science,
Scopus, PubMed, CAB Abstracts, and Google Scholar. Search terms included Crinivirus, B. tabaci, virus transmission,
molecular evolution, endosymbionts, epidemiology, climate change, and disease management. Publications from 2000 to
2026 were considered. Earlier studies were included when relevant to taxonomy, genome organization, or transmission
biology. Studies were selected based on their relevance to crinivirus genomics, host virus interactions, vector ecology,
epidemiology, diagnostics, and management. Peer-reviewed articles, review papers, and authoritative reports were included.
Duplicate records, studies lacking sufficient methodological information, and publications unrelated to crinivirus pathosystems
were excluded. Titles, abstracts, and full texts were screened for relevance before inclusion. Due to substantial variation in
study objectives, experimental systems, host species, vector populations, and reported outcomes, quantitative meta-analysis
was not appropriate. Evidence was therefore evaluated through comparative narrative synthesis, with emphasis on recurrent
patterns, major advances, unresolved questions, and research gaps across molecular, ecological, and epidemiological
aspects of crinivirus research.

Architectural and Functional Dissection of the Crinivirus Genome
Functional Architecture and Partitioning of the Bipartite Genome

The bipartite organization of Crinivirus genomes (RNA1 and RNA2), each encapsidated separately, yet both essential for
successful infection and systemic spread. RNA1 encodes the replication-associated proteins, including a methyltransferase
(MET), a helicase (HEL), and an RNA-dependent RNA polymerase (RdRp), forming the core viral replication complex [19-21]
In contrast, RNA2 carries genes essential for virion assembly and intercellular movement, including the major and minor coat
proteins (CP, CPm), a heat shock protein 70 homolog (HSP70h), a ~60 kDa protein, and several movement-associated factors
(Figure 2) [18]. These proteins are typically translated from subgenomic RNAs (sgRNAs) generated during infection, driven
by internal promoters upstream of respective open reading frames, enabling temporal and tissue-specific expression during
systemic colonization [19]. The bipartite genome organization of Criniviruses enables modular separation of replication
(RNA1) and movement/encapsidation (RNA2) functions, enhancing adaptability to hosts and vectors [22]. It provides a
modular genomic strategy that not only permits efficient control of gene expression but also supports genomic plasticity during
host adaptation and vector transmission [23]. Evidence from recombinant genome studies and reassortment events suggests
that this bipartition may facilitate evolutionary flexibility through inter-strain segment exchange, conferring novel transmission
efficiencies or host range expansion [24]. Intergenic and intersegmental junctions particularly the conserved 3’ untranslated
regions (UTRs) are implicated in replication regulation, subgenomic RNA synthesis initiation, and possible recombination
hotspots, thus serving as key regulatory nodes [19, 25]. Importantly, the replication-movement coordination between RNA1
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and RNA2 is tightly regulated; disruption of this balance often results in attenuated infection, highlighting the interdependence
of these two genomic segments in viral fitness [26, 27]. The bipartite genome organization of criniviruses enables the
independent evolution of RNA1 and RNA2, thereby enhancing genetic diversification [24]. Combined effects of mutation,
recombination, and reassortment generate diverse viral populations capable of responding rapidly to host, vector, and
environmental selection pressures [28, 29]. Such genetic microdiversity contributes to viral persistence, adaptation, and the
emergence of novel epidemiological variants across agroecosystems [30].
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Fig. 2: Genomic architecture of SPCSV and the expression of sgRNAs. The genomic RNA1 and RNA2 are depicted as a line,
with the Open Reading Frames (ORFs) represented by boxes. Open Reading Frames (ORFs) are depicted above, below, or within
the line, signifying their presence in various reading frames. On RNA1, +1 denotes a potential +1 ribosomal frameshift location
[26]

Accessory Proteins Mediated Systemic Movement and Regulatory Complexity

Beyond their core replication and encapsidation proteins, Crinivirus genomes encode a set of accessory proteins that play
pivotal roles in facilitating systemic movement, modulating host responses, and enhancing vector transmissibility [31]. Several
of these proteins arise from non-canonical Open Reading Frames (ORFs), often embedded within overlapping coding regions
and translated via leaky scanning or non-AUG initiation [32]. In Tomato Chlorosis Virus (ToCV), small ORFs such as p4 and
p8 have been implicated in modulating the stoichiometry of downstream structural proteins by acting as translational
gatekeepers, ensuring optimal expression ratios during different infection stages [10]. Among the most critical viral tools
deployed during infection, Viral Suppressors of RNA silencing (VSRs) play a central role in antagonizing host antiviral defense
mechanisms. The P22 protein of Sweet Potato Chlorotic Stunt Virus (SPCSV) exemplifies a potent VSR, capable of
sequestering small interfering RNAs (siRNAs) and impeding the systemic spread of RNA silencing signals, thereby facilitating
long-distance viral movement [26, 33-34]. Other VSRs, such as p20, have been shown to interfere with Argonaute-mediated
slicing and siRNA stabilization [35]. These suppressors often display multifunctionality, engaging in both immune evasion and
interactions with host translation machinery.

Complementing the function of these suppressors, a hallmark feature of criniviruses is the expression of a HSP70h
encoded on RNA2. HSP70h localizes to the Endoplasmic Reticulum (ER) and plasmodesmata, where it mediates virion
intracellular trafficking, assists in virion tail formation, and facilitates systemic phloem loading [36]. This protein not only
supports virion stabilization for whitefly acquisition but also interacts with plant cytoskeletal elements to assist in directional
movement [37]. Together, these regulatory elements non-canonical ORFs, VSRs, and HSP70h form a coordinated network
that governs infection dynamics. They allow criniviruses to fine-tune replication, suppress host defense, and ensure
successful colonization and transmission. Their modular evolution and multifunctionality provide insights into how these
viruses adapt to new hosts and vectors under shifting ecological pressures.
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Translational Regulation and Inter Virus Synergy

Crinivirus gene expression is also fine-tuned by several levels of translational control. Ribosomal leaky scanning enables
the downstream ORFs to avoid upstream ORFs and leads to balanced translation of replication-related and structural proteins
[38]. Programmed -1 ribosomal frameshifting increases coding capacity, allowing for precise production of replication-related
polyproteins in the amounts needed for efficient infection [39]. Complementing this, many criniviruses employ programmed
ribosomal frameshifting, particularly the -1 frameshift, to expand coding capacity without increasing genome size. For
instance, RNA1-encoded polyproteins involved in replication are often synthesized through frameshift events at conserved
slippery sequences and downstream pseudoknot motifs [40]. Further regulatory sophistication is achieved via subgenomic
RNAs (sgRNAs), which allow temporal and tissue-specific expression of structural proteins such as the major Coat Protein
(CP), minor CP, and HSP70 homolog (HSP70h). These sgRNAs act as transcriptional hubs that respond dynamically to
intracellular cues and vector-transmission cycles [29, 41].

During mixed infections, inter-virus synergy can amplify crinivirus RNA accumulation through mutual exploitation of host
translation factors, including ribosomal subunits and elF4E/elF(iso)4G complexes [42]. For example, in co-infections of ToCV
with potyviruses, viral suppressors of RNA silencing (VSRs) may jointly suppress host antiviral responses, while translational
enhancers facilitate cross-viral access to the translational apparatus [40, 43]. These co-infections not only enhance crinivirus
replication and systemic spread but also alter symptomatology, often intensifying host damage and complicating diagnosis
and control.

Molecular Evolution and Vector Ecology Integration

The evolutionary dynamics of criniviruses are governed by the interplay between genomic diversification and vector-
mediated selection. Continuous mutation, recombination, and reassortment between the bipartite genome segments generate
genetically heterogeneous viral populations. It provides a reservoir of variants with distinct adaptive potential [24, 44]. Such
genetic flexibility facilitates adaptation to diverse hosts, vectors, and agroecological conditions. However, only a subset of this
diversity contributes to successful transmission. During acquisition, retention, and inoculation, whitefly vectors impose
selective bottlenecks that preferentially favor variants with enhanced transmission competence and ecological fitness.
Consequently, vector transmission functions not only as a dispersal mechanism but also as an evolutionary filter that shapes
viral population structure and persistence [28, 4].

Vector ecology further modulates these evolutionary processes. Differences in transmission efficiency among B. tabaci
cryptic species and T. vaporariorum together with variation in vector abundance, host utilization, and dispersal capacity,
influence the frequency and outcome of virus vector encounters [9]. These ecological pressures can alter genotype
frequencies within viral populations and favor the persistence of transmission-adapted variants. Collectively, molecular
diversification generates adaptive potential, whereas vector-mediated selection determines which variants successfully
establish and spread. The integration of these evolutionary and ecological processes provides a mechanistic framework for
understanding crinivirus adaptation, emergence, and long-term epidemiological success across agricultural ecosystems.

Precision Vectoring and Viral Modulation of Bemisia tabaci and Trialeurodes vaporariorum
Proteome Level Virus Vector Interactions

The vector specificity of Crinivirus transmission by Bemisia tabaci and Trialeurodes vaporariorum is governed specific and
selective interactions between the virion structural proteins and receptors in the midgut of virus vectors [9]. The virions are
present in the anterior midgut as shown in Figure 3 and the filter chamber and the CP and minor coat protein (CPm) bind to
membrane-associated proteins to form stable complexes. Studies using immunolocalization and proteomic binding assays
have confirmed that crinivirus virions accumulate in these regions, where CPm interacts with midgut membrane-associated
glycoproteins to mediate virus retention and protect against proteolytic degradation during passage [9, 45]. Proteomic
analyses have identified sugar transporters and lectin-domain-containing proteins as candidate CPm-interacting proteins in
Cucurbit chlorotic yellows virus CCYV-transmitting whiteflies. These host molecules likely function as receptors, mediating
viral sequestration and circulative movement across the insect gut barrier [46].

The semi-persistent, non-propagative nature of Crinivirus transmission requires that virions traverse the midgut epithelium
into the hemolymph and eventually reach the salivary glands without undergoing replication within the insect host [47-48].
Proteomic remodeling of whitefly gut epithelial tissues following virus acquisition reveals upregulation of receptor and effector
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proteins, including cuticle-associated proteins and mucin-like molecules that contribute to virion stability and trafficking [49].
Notably, the transmission efficiency of criniviruses can vary between cryptic species of B. fabaci due to differential expression
of gut-expressed viral receptors, as demonstrated in transcriptomic comparisons [50]. Functional antibody-blocking
experiments targeting CPm—midgut protein complexes significantly reduced viral acquisition and transmission, functionally
validating the central role of these interactions in crinivirus epidemiology [11]. These data underscore the importance of
proteome-level specificity and post-acquisition molecular remodeling in vector competence, revealing potential targets for
disruption in integrated vector management strategies.
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Fig. 3: Circulative pathway of criniviruses in whitefly vectors. Entry of criniviruses in the whitefly foregut during phloem feeding
and translocation through the midgut into the hemocoel; Further reach the salivary glands via the hemolymph for subsequent
transmission to new host plants; a circulative, non-propagative pathway, typical of semi-persistent virus transmission

Endosymbiont Mediation of Vector Competence

In addition to virus-induced proteomic changes within whitefly tissues, endosymbiotic bacteria constitute a distinct
regulatory layer affecting vector competence and transmission efficiency. Endosymbiotic microorganisms in B. tabaci exert
profound influence on the vector’s capacity to acquire, retain, and transmit criniviruses. While the primary obligate symbiont
Portiera aleyrodidarum fulfills essential nutritional functions, several facultative symbionts like Hamiltonella defensa,
Rickettsia, Arsenophonus, Wolbachia, and Cardinium play direct and indirect roles in modulating vector competence through
proteomic, immunological, and metabolic pathways [51-53].

Hamiltonella defensa has been most notably implicated in viral transmission. It produces GroEL-like chaperonins that bind
to virions in the whitefly hemolymph, stabilizing them and preventing degradation prior to salivary gland passage, thereby
enhancing systemic transmission efficiency [54, 55]. Similarly, Rickettsia spp. modulate host gene expression in midgut and
salivary glands, with transcriptome-wide changes linked to increased viral acquisition and fecundity in infected B. tabaci
populations [56]. Arsenophonus influences lipid metabolism and alters membrane fluidity in the gut epithelium, facilitating
CPme-receptor binding by enhancing virion docking and passage across the midgut barrier [57]. These symbionts not only
support viral circulative persistence but also suppress host immunity. RNA-seq studies reveal symbiont-induced
downregulation of genes associated with antimicrobial peptide production and proteolysis, creating an immunosuppressed
microenvironment that benefits crinivirus retention [51]. Importantly, ecological factors like temperature, insecticide exposure,
and host plant species can shift the composition of the symbiont community, leading to dynamic alterations in transmission
efficiency [58, 59].

Synergistic and antagonistic interactions among co-infecting symbionts further shape vector-virus dynamics. For instance,
Wolbachia may suppress certain virus infections via ROS modulation and autophagy interference, though effects are context-
dependent and vary by host background [60, 61]. Functional experiments using antibiotics to selectively eliminate symbionts
have confirmed their essential role: removal of Hamiltonella or Rickettsia significantly impairs crinivirus acquisition and
transmission, highlighting their utility as molecular targets for next-generation vector control strategies [62, 63]. Collectively,
these findings highlight the contribution of endosymbionts (Table 1) to vector competence and identify them as potential
targets for disrupting crinivirus transmission.
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Table 1: Potential endosymbiont-mediated modulation of crinivirus vector competence

Symbiont Mechanism Ecological Outcome Reference
Hamiltonella GroEL chaperonin stabilizes viral particles 1 Crinivirus transmission [54]
defensa
Rickettsia sp. Alters lipid metabolism, boosts vector fitness 1 Whitefly fecundity & virus [56]
spread
Arsenophonus sp. Immune modulation via suppression of 1 Virus persistence [57]
antimicrobial peptides

Portiera Provides essential amino acids, enhancing host Sustains long-term vector [64]
aleyrodidarum survival populations

Cardinium sp. Manipulates host reproduction (cytoplasmic 1 Symbiont prevalence, indirect [65]
incompatibility) virus stability

Wolbachia sp. Immune reprogramming (ROS modulation, | Some virus infections, context- [60]
autophagy interference) dependent

Fritschea bemisiae Endocellular localization, affects gut physiology Potential barrier or enhancer of [51]

transmission

Influence of Host Plant Volatiles and Virus Induced Phenotypic Shifts in Insect Behavior

In addition to vector physiology, criniviruses manipulate host plant biochemistry to maximize transmission. The infected
plants produce a modified Volatile Organic Compound (VOC) profile including increased terpenes and aldehydes and specific
monoterpenes, which serve as attractants of B. fabaci. Repellent Green Leaf Volatiles (GLVs) are also suppressed
simultaneously [66, 67].

Quantitative VOC profiling has demonstrated significant upregulation of sesquiterpenes in Tomato Chlorosis Virus (ToCV)-
infected tomato plants, which corresponds with increased whitefly landing and extended phloem ingestion time. This, in turn,
facilitates both acquisition and inoculation events [68]. For Cucurbit Chlorotic Yellows Virus (CCYV), altered aldehyde
emissions modulate vector foraging patterns by enhancing host attractiveness during early symptom expression phases [67].
Notably, virus-induced phenotypic plasticity in whiteflies such as altered locomotion, increased probing frequency, and
modified oviposition preferences further aligns with the temporal window of maximal virus transmissibility [69]. These vector-
favoring changes are not universal across crinivirus species. Rather, divergent VOC signatures suggest species-specific
manipulation strategies. For example, Lettuce Infectious Yellows Virus (LIYV) triggers only subtle GLV suppression, promoting
long-term virus circulation without triggering vector overloading or immune response. These findings reflect co-evolved
specificity in virus-vector-host interaction networks [70].

Behavioral assays under controlled light and olfactory conditions indicate that visual cues complement VOC-mediated
attraction. Infected plants are more strongly preferred under illuminated conditions, further enhancing viral acquisition and
subsequent spread. This dual-cue mechanism (olfactory and visual) offers redundancy to ensure vector targeting [71, 72].
Comparison studies showed that the effects of different criniviruses on the VOC emission profiles as shown in Table 2, are
not universal. From an applied perspective, interfering with virus-mediated VOC manipulation holds promise for vector control.
Chemical masking agents, RNAi-based suppression of key biosynthetic enzymes in host VOC pathways, or transgenic
approaches targeting terpene synthases represent viable strategies to disrupt vector orientation behavior and reduce
transmission rates [67].

Crinivirus Host Vector Triangulation: Molecular Dialogues and Immunomodulation
Hormonal Crosstalk Modulation During Infection

Crinivirus infection triggers complex reprogramming of host hormonal milieu, with Salicylic Acid (SA), Jasmonic Acid (JA)
and auxin signaling. SA accumulation promotes the expression of Pathogenesis Related (PR) genes [73]. On the other hand,
it antagonizes JA responses, weakens anti-herbivore defenses and builds an environment conducive to vector colonization
[74]. Such an unbalance is further supported by viral coat proteins that repress JA-responsive genes, eliminating resistance
to Bemisia tabaci feeding and enabling vector-mediated viral transmission [75]. The coat protein of Tomato Chlorosis Virus
(ToCV) has been shown to downregulate JA-responsive genes by interfering with transcription factors like MYC2 and ORA59,
thus amplifying vector feeding efficiency and virus acquisition [76].

Auxin biosynthesis and transport are also disrupted; consequently, tissue architecture change to favor viral accumulation
and systemic spread [82]. At the transcriptional level, WRKY and NAC-type transcription factors are nodes of convergence
where SA—JA—auxin crosstalk is integrated as shown in Table 3. WRKY70 acts as a positive regulator of SA signaling and a
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suppressor of JA responses. It is differentially regulated in virus-infected tissues, skewing the immune response balance
toward antiviral immunity at the expense of anti-vector resistance [73, 83]. Similarly, NAC transcription factors such as
NACO042 are downregulated during infection, impairing stress-responsive gene expression and facilitating viral persistence
[84]. This results in establishing virus-induced hormonal bias. Vector feeding additionally synergizes with these viral
manipulations, exaggerated hormonal shifts and tilted defense trade-offs toward infection [45]. Finally, this triangulation
signifies a tactical virus hijacking of host defense cross-talk in which antiviral SA responses subvert anti-vector JA pathways
to ensure effective crinivirus transmission [85].

Table 2: Volatile Organic Compound (VOC) Modifications in Crinivirus-Infected Plants and Their Vector-Behavioral
Consequences

VOC Alteration Behavioral Effect on Whitefly Vectors Transmission Implication References
1 sesquiterpene Increased settling on ToCV-infected tomato ~ Enhances early acquisition opportunities [68]
emissions leaves by B. tabaci
| Total volatiles and Whiteflies displayed olfactory preference for Olfactory-mediated reduction may slow [77]
terpenes healthy plants spread, though visual cues compensate
Visual cue dominance Infected plants were strongly preferred Transmission facilitation through [78]
in infection under light, but not in darkness indicating enhanced vector landing in illuminated
reliance on visual cues environments
1 Aldehydes Increased aldehydes detected in CCYV- May enhance vector probing efficiency, [79]
(infection-specific) infected cucurbits altered whitefly orientation influencing virus acquisition
behavior
1 Green Leaf Volatiles Subtle GLV induction during Lettuce Fine-tuned modulation of attraction aids [80]
(GLVs) infectious yellows virus infection modulated persistent virus circulation

vector settling patterns

VOC suppression in Infected cucurbit leaves emitted fewer long-term epidemiological balance by [81]
systemic tissues attractant VOCs discouraging superinfection

Table 3: Crinivirus strategies for immune evasion via hormone-transcriptional cross-talk

Mechanism Plant Response Vector/Transmission Impact References
SA suppression Reduced expression of Enhanced viral accumulation, improved [86]
pathogenesis-related (PR) genes persistence in tissues
JA pathway antagonism Weakened defenses against Increased feeding by B. tabaci, improved [76]
herbivory virus acquisition
Auxin modulation Altered leaf morphology and Enhanced suitability of leaf tissues for [87]
reduced resistance vector colonization
WRKY transcriptional Downregulation of WRKY70, Facilitates systemic infection, improves [88]
reprogramming involved in defense signaling viral spread

NAC transcription factor Suppressed NAC042, stress- Promotes long-term vector colonization [84]
manipulation related transcription factors and persistent infection

Hormonal synergy (SA— Crosstalk disruption, delayed Facilitates virus—vector stable cycle, [73]
JA-Auxin) immune response enhancing transmission

RNA Silencing Suppression Via P22 and CP-Mediated Evasion Strategies

RNA silencing is a major antiviral defense mechanism in plants, but some criniviruses have commandeered specific
proteins to quash this machinery. The Lettuce Infectious Yellows Virus (LIYV) encoded P22 protein is a strong VSR, capable
of binding to dsRNAs and siRNA duplexes to block their cleavage by cell Dicer-like enzymes [89]. This process interferes with
the formation of the RNA-Induced Silencing Complex (RISC), resulting in attenuation of Argonaute-dependent antiviral
responses [90]. Apart from local suppression of silencing, P22 inhibits systemic transmission of mobile silencing signals and
thus facilitates viral long-distance spread within the host [89]. Co protein (CP and CPm) also participate by blocking RISC
action, thus decreasing the host antiviral response [91]. This leads to the accumulation of viral titers in the phloem tissues,
and subsequently results in increased efficiency of vector acquisition. Under such suppression, plants will endeavor to induce
compensatory defense mechanisms by secondary siRNA amplification and modulation of AGO expression, however, plants
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are largely incapable in opposing P22 potency [89]. Comparison studies suggest that this particular RNA silencing
suppression is shared among closterovirids, which highlights recurring evolutionary VSR strategies.

Organelle and Redox Modulation in Host Defense Manipulation

Criniviruses have evolved sophisticated mechanisms to subvert host immune responses by targeting chloroplast functions
and modulating the plant's redox environment. Chloroplasts are central in antiviral defense because they generate salicylic
acid precursors and Reactive Oxygen Species (ROS) to inhibit viral spread [92]. As chloroplasts become swollen and
stromules (membrane extensions) form, viral replication complexes localize at these sites, co-opting chloroplast-derived
energy and resources for virion assembly [93-95]. This ROS-mediated redox imbalance has far-reaching consequences for
the plant's ability to mount an immune response. NPR1 (Non-expressor of Pathogenesis-Related Genes 1), a key regulator
of SA signaling and SAR, is repressed under these oxidative conditions, impairing the plant's capacity to mount a defense
response [96-97]. Similarly, thioredoxin, a major component of redox signaling pathways involved in stress response, is
modulated in such a way that it dampens immune signaling [98-100]. Moreover, criniviruses disrupt the isochorismate
pathway, a crucial step in SA biosynthesis, by interfering with enzymes that normally synthesize SA from chorismic acid. This
reduction in SA biosynthesis lowers the plant's systemic resistance to the virus and enables more efficient viral movement
through the vascular system [83, 101]. This manipulation of the chloroplast-redox axis provides the virus with the means to
both escape immune surveillance and create an environment conducive to long-term viral colonization.

Mosaicism Mutation and Evolutionary Plasticity in Reassortment Mechanisms
Segment Reassortment and Recombination Hotspots

Segment reassortment and recombination are pivotal mechanisms that drive the genomic fluidity and evolutionary
adaptability of criniviruses. These can easily exchange segments from their bipartite RNA genome during mixed infection to
produce reassorted variants with distinct phenotypic features [102, 103]. Recombination primarily occurs at specific hotspots
in the intergenic regions of RNA1 and RNA2, where polymerase pausing facilitates template switching [104]. Here,
malfunctioning RNA molecules generated through recombination events act as evolutionary intermediaries, enabling the virus
to adapt rapidly to selective pressures such as host resistance mechanisms or environmental changes [105, 106]. From a
functional perspective, segment reassortment can confer significant adaptive advantages. For example, reassorted viral
genomes may allow criniviruses to expand their host range, enabling them to infect previously resistant plant species such
as solanaceous or leguminous crops, in addition to their usual cucurbitaceous hosts [3, 107]. Population level studies show
that there is extensive circulation of reassorted strains which enhance ingroup diversity and facilitate maintenance of adaptive
potential in mixed cropping systems [108]. Recombination not only increases the evolutionary plasticity of criniviruses but also
facilitates the maintenance of adaptive strategies in field conditions, where varying host susceptibilities and environmental
stressors may favor certain genetic lineages [14, 109]. In the broader context of plant RNA virus evolution, these
recombination hotspots in criniviruses share similarities with those found in other multipartite viruses, such as geminiviruses,
where recombination has been identified as a major force driving viral diversity and viral fitness [110]. This suggests that
recombination is a convergent evolutionary strategy among multipartite RNA viruses, providing a robust framework for
understanding the evolutionary success of Closteroviridae and related families.

HTS-Driven Discovery of Cryptic Strains and Microvariants

The advent of High-Throughput Sequencing (HTS) has revolutionized the understanding of criniviruses by identifying
cryptic lineages and within-host microvariants not detected by traditional molecular diagnostic assays [111]. Deep-sequencing
methodologies have continually confirmed that crinivirus populations are dynamic quasi-species, in that a cloud of minor
variants accompany individual hosts, which contribute to overall adaptive potential and evolutionary pleiotropy [112-113]. The
application of HTS has led to the identification of divergent strains and cryptic species across diverse agroecosystems,
prompting a re-evaluation of closterovirid taxonomy and challenging long-held species demarcation criteria [114]. Mixed
infections uncovered through metagenomic surveys further highlight that reassortment and recombination are not isolated
events but pervasive processes occurring under field conditions, often accelerating viral diversification [112]. Importantly, intra-
host microvariants can serve as adaptive reservoirs, where minority haplotypes may rise to dominance under selective
pressures imposed by host resistance or vector transmission dynamics, thereby fueling the emergence of novel pathogenic
strains [102]. From an epidemiological perspective, the detection of cryptic strains and microvariants has profound
implications for viral surveillance and disease management. By revealing hidden viral diversity, HTS enables early detection
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of emergent strains that may be more pathogenic or capable of overcoming resistance barriers in crops [115]. This capability
is particularly important in monitoring tomato and cucurbit production systems, where cryptic reservoirs of viral variants have
been implicated in disease outbreaks and cross-crop transmission, complicating control strategies [107].

Phylogeographic Mapping in Tomato, Cucurbit, and Bean Systems

Crinivirus populations exhibit strong host-specific phylogeographic structuring, where viral clades are associated with
distinct host plants, including tomato, cucurbit, and bean species. These phylogenetic clusters reflect the evolutionary
pressures imposed by the host plant environment, shaping viral diversity and transmission dynamics across geographical
regions [4, 116]. In tomato and cucurbit production systems, for instance, crinivirus strains have evolved distinct genetic
markers that facilitate adaptation to specific plant defenses and vascular structures and influences the virus's systemic
movement and persistence [107, 117].

Geographical distribution also plays a role in divergence, as Mediterranean, South American and Asian strains always
form phylogenetic clads independently, suggesting regional evolutionary paths [14]. Dispersal of the vector B. tabaci cryptic
species helps in cross-continental movement, and in turn the phylogeographic connectivity of virus populations [118].
Crucially, inter- or multi-cropping systems facilitate cross-crop transmission events, providing recombinant lineages the
opportunity to expand their host ranges and complicating disease control options [43, 119]. The use of HTS has enabled the
fine-scale reconstructions of phylogeographies by revealing low-frequency microvariants and cryptic lineages not identified
by conventional methods [120, 121]. Yet, co - detection of recombination between isolates carrying the type 1 and type 2
RNA segments on the genome, would also cause phylogenetic incongruence, complicating evolutionary tracing [22].
Comparative studies suggest that criniviruses may modify their movement and structural proteins for better compatibility with
distinct hosts, such as members of the Solanaceae, Cucurbitaceae or Leguminosae [4, 22].

Crinivirus Synergy Complexes and Co-Infections: A Challenge to Diagnostics
Multipartite Disease Complexes With Begomovirus, Potyvirus, and Orthotospovirus

New disease complexes consisting of criniviruses, begomoviruses, potyviruses, and orthotospoviruses in multipartite
arrangements are a rising menace to important horticulture systems [122, 123]. In potato and chili (pepper) crops,
simultaneous infection by multiple viruses frequently results in synergistic interactions. Mixed infections expressing markedly
more severe symptoms than single infections and, in some cases, even than the classic dual-virus complexes already
described [124, 125]. Experimental evidence shows that mixed infections involving a crinivirus and a begomovirus (e.g.,
Tomato chlorosis virus + Tomato yellow leaf curl virus) can cause severe chlorosis, necrosis, and stunting symptomatically
resembling abiotic or nutrient-stress disorders [122]. Tomato chlorosis virus (Crinivirus) and Okra enation leaf curl virus
(Begomovirus) co-infection also results in chlorotic and necrotic lesions, mimicking nutrient deficiency [126]. Such family-to-
family inter-familial viral associations improve replication efficacy and wider systemic migration that are required for epidemic
expansions. Vector interactions also contribute to this synergy, where whiteflies and thrips may transmit these viruses
together, increasing the establishment of both complex infections in a mutual host plant [127]. The epidemiological implications
are serious, with multipartite complexes promoting fast epidemic development and major yield losses on different cropping
systems.

Molecular Basis of Synergism and Exacerbated Symptomology

On a molecular mechanism level, viral synergism arises from the combinatory activities of RNA-silencing suppressors
and the overlapping or redundant targeting of host defense pathways by co-infecting viruses [128]. The HC Pro suppressor
in potyviruses can bind and sequester siRNAs and impair small-RNA-mediated antiviral silencing [129]. In criniviruses, the
P22 suppressor has been shown to impair systemic silencing responses, thus compromising both local and systemic RNA-
interference (RNAIi) immunity [130]. These repressions act ultimately to stabilize and elevate the abundance of viral RNA and
to increase viral titters. In addition to RNAi-suppression, crinivirus and potyvirus have chloroplast-targeting proteins that
perturb photosynthetic electron transport and, following ROS overproduction, disrupt the equilibrium of previously delicate
redox state. Disturbance of redox-regulated pathways leads to the disruption of NPR1-dependent signaling and SA-regulated
defense cascades, which promote replication and systemic movement [131]. Symptom exacerbation is particularly evident in
co-infection, including systemic chlorosis, dwarfing and premature aging, all of which are more severe than in the case of
single infection [132-134]. The increased viral titers under synergism increase vector acquisition capability and thus close a
positive feedback loop that can drive epidemiological spread.
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Implications for Misdiagnosis and Management Failures

The intricacy of crinivirus-related co-infections is difficult to diagnose and manage. Such overlapping symptom profiles
often resemble abiotc stress or single-virus infections, which led to frequent misdia gnosis in the fields [135]. With classical
serological assays such as ELISA, distinguishing between co-infecting viruses can be challenging due to antigenic cross-
reactivity or low viral titers, which may result in false negatives and underestimate the true prevalence of infection [136, 137].
These diagnostic drawbacks result in long lag phases and suboptimal quarantine strategies that allow unchecked
transmission in cropping systems [138]. Breeding programs that target resistance to a single virus may inadvertently
compromise durability, as such resistance can be bypassed by co-infecting or emerging viruses, especially under synergistic
interactions or shared suppression mechanisms [139, 140]. Misidentification of the actual viral agents involved in disease
outbreaks can result in ineffective vector control strategies. This is especially when management focuses on a single vector
species while others, involved in co-infection cycles, remain active and unaddressed [141]. Diagnosis has dramatically
changed following the emergence of high-throughput sequencing, which has uncovered cryptic strains, microvariants and
new co-infections that had escaped notice of conventional diagnostic procedures [142]. Therefore, implementing multiplex
PCR and HTS-based diagnostic tools is becoming increasingly critical for effective surveillance and control of complex multi-
virus syndromes. Failure to promptly detect and manage these viruses can escalate epidemics, cause significant crop losses,
and compromise vector management and resistance breeding strategies [143, 144].

Climate Change and Crinivirus Epidemiological Shifts

Climate change has emerged as a major determinant shaping the epidemiology and persistence of criniviruses. It acts
primarily through its cascading effects on vector dynamics, host distribution, and agroecosystem suitability [145]. Ecological
Niche Modeling (ENM) under RCP 4.5 and RCP 8.5 scenarios has consistently projected a northward and altitudinal
expansion of B. tabaci populations. This expansion extends their ecological range into temperate and subtropical regions and
thereby enhancing the risk of Crinivirus establishment in previously marginal areas [146]. Climate change may intensify
crinivirus epidemics by accelerating whitefly population growth within favorable thermal limits. B. tabaci development can
shorten from about 36 days at 20°C to about 15 days at 32°C, although development may fail under extreme heat such as
35°C, indicating that warming effects are nonlinear [147]. Protected cultivation systems like greenhouses, plastic tunnels, and
net-houses serve as microclimatic refuges that promote year-round survival of B. tabaci populations. These conditions sustain
elevated virus transmission rates even when outdoor environments are unfavorable for vector activity [148]. Simultaneously,
climate-driven alterations in host phenology, cropping cycles, and regional crop distribution are expected to disrupt the
synchrony between virus, vector, and host availability. These disruptions increase the risk of temporal and spatial overlap,
favoring epidemic emergence especially in tomato and cucurbit systems [127, 149, 150]. The spread of Crinivirus is also
strongly influenced by the duration of virus retention within vector populations. Tomato Chlorosis Virus (ToCV) can be retained
by B. tabaci MED for at least 6 days following acquisition [151], whereas Cucurbit Yellow Stunting Disorder Virus (CYSDV)
remains transmissible for at least 9 days [152]. Similarly, Cucurbit Chlorotic Yellows Virus (CCYV) may be retained in whiteflies
for up to 12 days, although retention efficiency gradually declines over time [153]. These prolonged retention periods facilitate
secondary spread through vector movement among infected crops, weeds, and newly established plantings. Transmission
efficiency is also dependent on vector feeding duration. For CYSDV, successful transmission exceeding 80% has been
observed when whiteflies were allowed acquisition access periods of at least 18 h and inoculation access periods of at least
24 h [154]. Such findings indicate that environmental conditions favoring prolonged vector feeding may substantially increase
epidemic development.

Recent advances in spatial epidemiology have substantially enhanced the capacity to predict and monitor emerging
Crinivirus outbreaks. ENM like Maximum Entropy (MaxEnt)-based approaches integrates vector occurrence records with
climatic variables to identify regions suitable for the establishment and persistence of B. tabaci cryptic species, the principal
vectors of criniviruses [4, 146, 155]. Geographic Information Systems (GIS) further refine these predictions by incorporating
host-crop distribution, land-use patterns, and environmental variables to delineate transmission hotspots and support targeted
surveillance programs [156, 157]. Complementary remote-sensing technologies, including multispectral and hyperspectral
imaging platforms, enable large-scale assessment of crop health through the detection of changes in canopy reflectance,
chlorophyll content, and photosynthetic activity associated with disease-induced stress. More recently, machine learning
algorithms such as Random Forest, Support Vector Machine (SVM), and Extreme Gradient Boosting (EGB) have
demonstrated considerable utility for integrating climatic, ecological, and epidemiological datasets to forecast outbreak
probability and identify periods of elevated transmission risk [158, 159]. Collectively, these approaches provide a robust
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framework for dynamic risk mapping, early-warning systems, and evidence-based disease management. More broadly,
crinivirus emergence reflects the interaction of viral evolution, vector biology, endosymbiont-mediated processes,
environmental change, and cropping-system dynamics operating across multiple biological scales (Figure 4).
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Fig. 4: Conceptual framework illustrating the multiscale drivers of crinivirus transmission competence and epidemic emergence.
Viral genome evolution, vector physiology and ecology, endosymbiont-mediated interactions, climate and environmental
factors, and cropping-system characteristics collectively influence transmission dynamics and disease emergence

Converging Virology and Agroecology Toward Sustainable Virus Management

Sustainable management of crinivirus and associated virus complexes necessitates a convergence between molecular
virology, agroecology, and participatory innovation frameworks. The integration of portable high-throughput diagnostic
technologies such as real-time nanopore sequencing, CRISPR-based assays, and multiplex PCR has revolutionized virus
detection in the field. These tools enable rapid, sensitive identification of plant virus co-infections, significantly reducing
diagnostic delays and strengthening real-time epidemic surveillance [60-63]. Yet, effective virus suppression extends beyond
molecular diagnostics and technological innovation. It requires a recognition that epidemiological outcomes are shaped by
landscape-scale metapopulation dynamics of vectors, whose spatial dispersal and ecological persistence drive viral
establishment across heterogeneous agroecosystems [12, 163, 164]. Embedding ecological insights within farmer-responsive
extension programs facilitates adaptive innovation. This approach ensures that novel diagnostic and Integrated Pest
Management (IPM) tools are locally relevant and more readily adopted at the community level [165, 166]. Critically, policy and
institutional frameworks play a catalytic role in ensuring sustainable plant health governance. They strengthen biosecurity
infrastructure, promote cross-sectoral coordination, and maintain quarantine networks that are essential to preventing the
incursion and spread of exotic or recombinant plant viral strains [167, 168]. Future-ready IPM strategies must evolve into
adaptive, systems-based frameworks that integrate multiple layers of resilience. These include the deployment of host-plant
resistance genes, utilization of vector biological control agents, and incorporation of climate-resilient predictive models that
capture the dynamic interactions among viruses, vectors, and host plants under changing environmental conditions [169,
171]. Equally essential is bridging the research practice divide through interdisciplinary collaboration, wherein virologists,
ecologists, and extension professionals co-develop locally relevant, feedback-driven management innovations [172]. Within
an agroecological framework, integrative strategies enhance biodiversity, functional resilience, and overall agroecosystem
adaptability. This paradigm shifts plant virus management from reactive control toward a more preventive, participatory, and
ecologically sustainable approach [166, 173, 174].

Conclusion and Future Perspectives

Criniviruses represent one of the most sophisticated plant virus vector systems in modern agriculture, shaped by the
continuous interaction of viral evolution, vector biology, host adaptation, and environmental change. Advances in viromics,
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molecular genetics, and vector ecology have substantially improved our understanding of the mechanisms governing virus
emergence, transmission, and persistence. Future research should prioritize the functional characterization of transmission-
associated determinants, the evolutionary consequences of recombination and reassortment, and the molecular basis of
vector competence across diverse whitefly species. Equally important is the integration of high-throughput diagnostics,
coordinated surveillance networks, and spatially explicit epidemiological approaches to improve the detection of emerging
variants, alternative hosts, and transmission hotspots. Climate-informed forecasting frameworks capable of linking vector
dynamics, host distribution, and environmental suitability will be essential for anticipating future disease risks. From a
management perspective, durable host resistance, strengthened surveillance, and evidence-based vector control remain the
most immediate priorities. A central challenge for the field is no longer the discovery of new criniviruses, but the development
of predictive frameworks that explain how viral evolution, vector adaptation, and ecological change interact to drive disease
emergence across agricultural landscapes. Addressing this challenge will be critical for advancing predictive epidemiology
and establishing resilient, sustainable strategies for crinivirus management in an era of increasing agricultural and climatic
uncertainty.
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