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Abstract 

Vanilla planifolia, a high-value tropical orchid, is significantly impacted by viral pathogens that 
threaten its cultivation and productivity. This study employs metagenomic techniques to detect and 
characterize the viral communities associated with V. planifolia in south Florida. Using high-
throughput RNA sequencing, the Cymbidium mosaic virus (CymMV) and Vanilla latent virus (VLV) 
were prevalent in the plant system, with CymMV being the dominant viral species. Phylogenetic 
analysis of the CymMV coat protein gene revealed notable genetic divergence in the Homestead 
isolate, forming a distinct clade from global reference strains, suggesting local adaptation or host-
specific evolution. Viral distribution the across plant system revealed higher viral loads in stem 
tissue, consistent with their role in systemic transport, whereas leaves exhibited greater viral richness, 
likely due to increased environmental exposure. The low abundance of other viral species, including 
Garlic viruses and Senna severe yellow mosaic virus, highlights the complex viral ecology associated 
with V. planifolia. This study underscores the value of metagenomic approaches for uncovering both 
well-characterized and novel viruses in plant systems and highlights the need for continuous viral 
surveillance to guide disease management strategies in economically important crops such as vanilla. 

Keywords: Vanilla planifolia; Cymbidium mosaic virus (CymMV); Vanilla latent virus (VLV); 
metagenomics; viral diversity; phylogenetics; plant virome 
 

1. Introduction 

Vanilla (Vanilla planifolia) is an orchid with substantial economic importance to the tropical areas 
of the world. The pollinated flower of matured vanilla plants will develop into a bean-like fruit 
commonly known as vanilla capsule, which reaches to maturity after 8-9 months. The extract of cured 
mature beans possesses a unique aroma known as “vanilla flavor”. Due to the complex production 
and processing, vanilla was largely produced overseas, with Madagascar, Uganda and Indonesia 
being the leading production countries[1]. The United States and European Union are the largest 
consumers of vanilla in the world [2]. 

As a well-known spice crop, global vanilla production is constantly being challenged with 
various abiotic and biotic stress. Though frequent extreme weather events such as excessive drought, 
heat and natural disaster impact the stability of vanilla supply regionally, biotic stresses resulting 
from fungal, bacterial, and viral pathogens remain the biggest challenge in vanilla cultivation 
worldwide [3]. Due to the disease pressures, a vanilla plantation only lasts averagely ten years with 
less than six years in good production [4], resulting in significant economic losses [5,6]. Among the 
various diseases affecting vanilla plants, viral infections constitute one of the most significant long-
term threats to sustainable vanilla production. Viral infected vanilla plants can continue to grow with 
no visual symptoms at vegetative stage. As plants transition to reproductive phase, competition 
between fruit development and viral propagation quickly leads to declined plants with yellowing 
senescent leaves and reducing yield.  
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Mechanical transmission during hand-pollination is a major contributor to the spread of viruses 
in commercial vanilla cultivation [4,7]. At present, no virus-resistant vanilla plant material is 
available, making viral diseases the most challenging constraint in vanilla management [6,8]. As a 
result, early detection and preventative practices remain the most effective control strategies. Among 
the viruses reported to infect vanilla, Cymbidium mosaic virus (CymMV) is regarded as the most 
virulent and economically damaging [4,7,9]. Although several immune-based strip assays are 
available for its detection, the sensitivity and diagnostic reliability vary due to high viral mutation 
rates [10,11]. Moreover, many viruses infecting vanilla remain uncharacterized, underscoring the 
need for a comprehensive understanding of the vanilla viral community to support early detection 
and effective disease prevention [3,12,13]. 

Traditional pathogen detection methods, including serological and PCR-based techniques, often 
fall short in sensitivity, particularly when addressing complex or novel viruses [14]. Additionally, 
these methods are typically designed for specific known pathogens, potentially overlooking 
emergent or uncharacterized viral threats [12,15]. The metagenomic techniques, which rely on high-
throughput sequencing can facilitate the detection of broad spectrum viruses, including novel or low 
abundance, without requiring prior knowledge of the pathogen [13]. Metagenomics represents a 
transformative field that has unlocked unprecedented insights into the intricate microbial 
communities associated with various organisms, including plants [16]. By enabling the direct analysis 
of microbial genomes from environmental samples, this approach circumvents the traditional need 
for culturing, a process often limited in scope and time-consuming [17–19]. The advent of 
metagenomics has significantly advanced our understanding of plant-microbe interactions, 
uncovering complex networks of symbiotic relationships, pathogenic invasions, and overall 
microbiome structures that critically influence plant health, growth, and productivity [20,21]. This 
approach has been increasingly applied to various crops, offering fresh insights into plant virology 
and contributing to more effective disease management strategies [6,23]. Recent advancements in 
metagenomics have established a robust framework for detecting and characterizing viral 
populations in plants, including economically critical crops like grapevines (Vitis vinifera), tomatoes 
(Solanum lycopersicum), and cassava (Manihot esculenta) [15,23,24]. In grapevines, metagenomic 
approaches have led to the discovery of novel viral species and variants, deepening our 
understanding of grapevine viromes and aiding in disease management [15]. Similarly, in cassava, 
metagenomic studies have uncovered multiple begomoviruses linked to cassava mosaic disease, a 
major constraint on cassava production in Africa [23]. 

While metagenomic approaches have been successfully applied to characterize viral 
communities across a wide range of plant species [13,25], their use in high-value specialty crops such 
as vanilla remains limited, with only a small number of studies characterizing the vanilla virome to 
date [26,27]. Viral diseases pose well-documented threats to vanilla cultivation, with surveys in major 
production regions reporting infection rates of 20–50% in commercial plots and significant pre-
harvest vine damage [28,29]. Given the scale of these losses, a comprehensive characterization of the 
viral community associated with V. planifolia represents an important step toward more effective 
disease management. Virome data of this kind have enabled the development of targeted diagnostic 
tools and evidence-based management strategies in other cropping systems [12,14,24] and the present 
study aims to generate comparable foundational knowledge for vanilla cultivation in the United 
States. 

In this study, metagenomic approaches were used to identify and characterize the viral 
populations in south Florida, an area with emerging potential for vanilla cultivation. This represents 
the first study in the United States to profile the viral community associated with vanilla by analyzing 
different tissues. The research aims to expand the understanding of vanilla viromes and support the 
development of effective disease management strategies for sustainable vanilla cultivation. 
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2. Materials and Methods 

Sample Collection and RNA Extraction 

Three replicates of leaf, stem and pod tissue samples were collected from two seven-year-old V. 
planifolia accessions (namely #23 and #85) representing the most severe symptomatic viral infection 
in the vanilla germplasm collection located in Homestead, FL described by[30]. Symptomatic plants 
exhibited characteristic mosaic patterns, chlorotic mottling of leaves, yellowing of older leaves, and 
reduced vine vigor. The collected plant tissues were immediately frozen in liquid nitrogen before 
homogenization using a mortar and pestle. Total RNA, including microbial RNA, was extracted 
using the E.Z.N.A.® Plant RNA Kit (Omega Bio-Tek, Norcross, GA, USA), following the 
manufacturer’s protocol. Homogenized tissues (100 mg) were placed into 1.5 mL microcentrifuge 
tubes, and 500 µL of RB buffer with 20 µL of β-mercaptoethanol (BME) per 1 mL of buffer was added 
to each tube. The samples were vortexed to thoroughly mix and centrifuged at 14,000 x g for 2 minutes 
at room temperature. The cleared lysate was transferred to new microcentrifuge tubes. 

To bind the RNA, 1 volume of 100% isopropanol was added to the lysate, and the mixture was 
transferred to the HiBind® RNA Mini Column placed in a 2 mL collection tube. The column was 
centrifuged at 10,000 x g for 1 minute. The column was then washed with 700 µL of RNA Wash Buffer 
I and centrifuged at 10,000 x g for 30 seconds. This was followed by a second wash with 500 µL of 
RNA Wash Buffer II. The RNA was eluted with 50 µL of Nuclease-free water by centrifuging the 
column for 1 minute at maximum speed. The extracted RNA was then checked for purity and 
integrity using electrophoresis. Following extraction, RNA samples were treated with DNase I to 
remove residual host DNA prior to library preparation. 

Quality Control of RNA  

The RNA concentration was quantified using fluorometry on a Qubit™ 4 Fluorometer (Thermo 
Fisher Scientific, Waltham, MA, USA) with the Qubit™ RNA Broad Range (BR) Assay Kit. For the 
quantification process, the required number of Qubit™ assay tubes were set up using two tubes of 
reference standards and one tube for each RNA sample. Thin-wall and clear 0.5 mL PCR tubes (Cat. 
No. Q32856) were used for the Qubit™ 4 Fluorometer. The Qubit™ RNA BR Reagent was diluted 
1:200 in Qubit™ RNA BR Buffer to prepare the working solution, with 190 µL of working solution 
added to the standard tubes and 199 µL added to the sample tubes, leaving space for the RNA 
samples. A total of 1 µL of each RNA sample was added to its corresponding assay tube using a 2.5 
µL pipette for precise measurement. The average RNA concentration across samples was 142.4 
ng/µL, with an average A260/A280 purity ratio of 1.9. All tubes were vortexed for 3–5 seconds to 
ensure proper mixing and incubated at room temperature for 2 minutes. The RNA concentrations 
were then measured using the Qubit™ 4 Fluorometer, and the results were recorded for further 
analysis. 

RNA Sequencing 

For RNA sequencing, a cDNA library was prepared from the RNA samples obtained from the 
two V. planifolia accessions. The RNA was reverse transcribed into complementary DNA (cDNA) 
using amfiRivert Sensi cDNA Synthesis Master Mix(4X) (GenDEPOT). The cDNA was fragmented, 
and sequencing adapters were attached using NEBNext Ultra II DNA Library Prep Kit (New England 
Biolabs, USA). The library was amplified to ensure an adequate quantity of cDNA for sequencing. 
The cDNA libraries were then sequenced using the Illumina platform, enabling a comprehensive 
analysis of RNA from viral, microbial and plant community. 

Viral Genome Assembly and Abundance analyses 

Following sequencing, the raw reads were processed by filtering low quality reads using BBtools 
v38.90 [31] and mapped to vanilla reference genome [32]using HISAT2 v2.2.1 [33]. The mapped reads 
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were discarded for further analysis. The unmapped reads were extracted with SAMtools v1.17 [34] 
and mapped to the VirSeq database [24]. Viral hits are defined as the number of distinct viral genome 
sequences in the VirSeq database to which at least one read from a given sample was mapped, serving 
as a measure of viral taxon richness per sample. Contigs mapping to viruses were assembled into full 
length genomes with RagTag [35]. 

The sequencing data were then analyzed to determine the composition and abundance of viral 
and microbial communities. Relative viral abundance was determined from the proportion of reads 
aligning to each viral genome in the VirSeq database, divided by the total number of mapped reads 
per sample, and visualized as percentage contributions using Krona charts [24,36]. This analysis 
provided insights into the relative abundance of different viral species and their potential roles in 
plant health. The results were visualized using Krona [36], facilitating the interpretation of the 
diversity and dynamics of viral community associated with V. planifolia. 

Statistical Analysis 

Virus hit data were analyzed by one-way ANOVA with Tukey’s HSD for within-accession 
comparisons and two-sample t-tests for between-accession comparisons within each tissue type, with 
α = 0.05 as the significance threshold. All statistical analyses were performed using R (version 4.3.2; 
R Core Team, 2023)[37]. 

Bioinformatic Analyses of CymMV and VLV 

The coat protein gene sequences were aligned using Snap Gene 7.1.2[38]. A SnapGene 
Alignment was performed with the following parameters: Global alignment with free end gaps, 
Identity (1.0/0.0) as the cost matrix, a gap open penalty of 12, a gap extension penalty of 3, and 2 
refinement iterations. This alignment allowed for the detection of mutations and variations in the 
coat protein gene across viral isolates, enabling a comparative analysis of CymMV sequences against 
global reference strains. 

A phylogenetic tree was constructed to visualize the evolutionary relationships among the viral 
isolates using maximum likelihood implemented in iqtree2 [39]. The Interactive Tree of Life 
(iTOL) tool, available at https://itol.embl.de/, was used to visualize the tree based on the aligned coat 
protein sequences. iTOL facilitated the detailed visualization and annotation of the tree, highlighting 
the evolutionary divergence of the CymMV isolates from the vanilla samples. 

3. Results 

RNA Sequencing 

The Illumina platform generated a total of 1.6 billion raw sequencing reads, of which 10% were 
removed for quality control, resulting 1.44 billion reads for downstream analyses. The number of 
clean reads, mapped reads, mapping efficiency and viral hits for each sample are summarized in 
Table 1. 

Various mapping percentages were observed across the collected samples and different plant 
tissues. In both accessions, there were more reads mapped to leaf tissues (54.42% in #23 and 58.98% 
in #85) as compared to stem tissues (39.23% in #23 and 47.18% in #85), which coincide with the 
number of viral hits identified between the two tissue types (119 and 47 identified in the leaf tissue 
of #23 and #85, and 133 and 17 identified in the stem tissue of #23 and #85) (Table 1). Pod tissues 
displayed lower mapping percentages (21.90 - 29.10% in #23; 23.60–26.10% in #85) but exhibited a 
wide range of viral hit counts (38 - 168). There was more virus detected in #23 than #85 in both tissue 
types, while in both accessions the pod tissues exhibited intermediate viral abundance compared to 
leaves and stems. An average of 119 and 133 viral hits were found in leaf and stem tissues of #23, 
while only 47 and 17 viral hits were identified in the corresponding tissue of #85. No clear association 
was observed between mapping percentage and viral hit count across tissues or accessions. For 
example, on average 54.42% of sequencing reads and 119 viral hits were found in the leaf tissue, yet 
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39.23% of sequence reads and 133 viral hits were found in the stem tissue of #23, while pod tissues 
showed intermediate mapping percentages but highly variable viral loads (38 - 168). Leaves exhibited 
greater viral richness, defined here as the number of distinct viral taxa detected, while stems 
accumulated the highest viral loads, particularly in #23. The viral hit distribution across tissues and 
accessions was shown on Figure 1. Panel A shows within-accession comparisons (Leaf, Stem, Pod) 
for #23 and #85, with bars representing the mean ± SD (Figure 1A). Letters above bars indicate Tukey 
groupings from one-way ANOVA (same letter = not significantly different at α = 0.05). Panel B 
compares accessions (#23 vs #85) within each tissue, showing that stems differed significantly (p = 
0.0168), leaves displayed a marginal trend (p = 0.0519), and pods were not significantly different (p = 
0.175) (Figure 1B). These quantitative trends correspond with the mapping efficiencies summarized 
in Table 1, where tissues with higher mapping percentages also exhibited greater viral hit counts, and 
are further explored in relation to viral diversity patterns described below.  

Table 1. Virus mapping statistics for vanilla tissue samples. 

Sample Reads passing QC Mapped reads Percentage 

mapped reads 

Hits on 

VirSeq 

database 

Sample 

Type 

L_23_1 79,294,778 47,598,614 60.03% 132 Leaf 

L_23_2 55,725,532 33,953,793 60.93% 104 Leaf 

L_23_3 66,324,754 28,062,409 42.31% 120 Leaf 

L_85_1 56,042,493 26,116,915 46.60% 86 Leaf 

L_85_2 61,799,702 48,077,108 77.80% 24 Leaf 

L_85_3 53,396,392 28,047,542 52.53% 30 Leaf 

S_23_1 71,582,827 24,084,370 33.65% 134 Stem 

S_23_2 58,295,915 20,466,786 35.11% 106 Stem 

S_23_3 59,519,801 29,128,490 48.94% 160 Stem 

S_85_1 59,568,487 23,401,252 39.28% 18 Stem 

S_85_2 52,918,163 18,772,986 35.48% 14 Stem 

S_85_3 54,753,363 36,566,888 66.78% 18 Stem 

P_23_1 96,197,204 26,189,535 26.80% 88 Pod 

P_23_2 129,441,824 28,621,993 21.90% 92 Pod 

P_23_3 119,862,116 35,273,358 29.10% 92 Pod 

P_85_1 112,795,066 29,744,931 26.10% 168 Pod 

P_85_2 136,827,970 32,596,105 23.60% 38 Pod 

P_85_3 120,955,084 29,062,325 23.80% 92 Pod 
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Figure 1. Virus hits by accession and tissue type (mean ± SD). (A) Within-accession comparisons of Leaf, Stem, 
and Pod tissues for #23 and #85, analyzed by one-way ANOVA followed by Tukey’s HSD (letters above bars 
indicate significance groupings). (B) Between-accession comparisons (#23 vs #85) within each tissue using two-
sample t-tests (stems significant, p = 0.0168; leaves not significant, p = 0.0519; pods, p = 0.840). Error bars represent 
SD (n = 3 for Leaf and Stem; n = 3 for Pod). 

Viral Abundance in Vanilla 

The virome of vanilla samples was found to be highly diverse, encompassing six viral families 
Alphaflexiviridae, Phycodnaviridae, Tymoviridae, Geminiviridae, Betaflexiviridae and Mimiviridae. Viral 
composition was consistent across leaf, stem, and pod tissues, with pods displaying comparable viral 
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profiles to vegetative tissues. This confirms the systemic spread of dominant viruses such 
as Cymbidium mosaic virus (CymMV) and Vanilla latent virus (VLV) into reproductive organs. 

Besides these two prevailing viruses, numerous viral species with low prevalence were 
discovered, indicating a more intricate viral community than previously estimated. Several members 
of the Alphaflexiviridae family were identified, including Garlic viruses A, B, C, D, and E, and Shallot 
virus X, which are normally found in other plant hosts (Figure 2). Virus identification in vanilla 
indicates the possibility of cross-contamination through common tools in farming, insect vectors, or 
environmental contact. Furthermore, Senna severe yellow mosaic virus of Geminiviridae was found 
at quite a low incidence. This virus, which is mostly recognized to infect Senna species, leads to the 
questioning of its presence in vanilla and whether it signifies a new host relationship, a transient 
infection, or an artifact of environmental contamination. 

Systemic Distribution and Co-Occurrence of CymMV and Vanilla Latent Virus 

In addition to CymMV, VLV was consistently detected across all sampled tissues, including leaf, 
stem, and pod samples. The concurrent detection of both viruses across vegetative and reproductive 
organs indicates that infection is systemic rather than restricted to localized tissues or surface 
contamination. While CymMV represented the dominant viral species in terms of relative abundance, 
VLV constituted the second most prevalent component of the vanilla virome. 

Although CymMV showed greater accumulation in stem tissues, VLV exhibited a more uniform 
proportional distribution across tissues, suggesting potential differences in replication dynamics or 
tissue tropism between the two viruses. Notably, the detection of VLV in pod tissues provides direct 
evidence that this virus can persist within reproductive organs of V. planifolia, extending previous 
reports that primarily relied on leaf-derived sequencing datasets. 

The frequent co-occurrence of CymMV and VLV within the same tissues indicates that co-
infection is common in vanilla plants. Such coexistence suggests that interactions between these 
viruses may influence infection dynamics, either through synergistic effects that enhance viral 
accumulation or through competitive interactions that modulate symptom development. Although 
the biological consequences of CymMV–VLV co-infection remain unresolved in vanilla, their 
consistent association across tissues highlights the importance of considering both viruses in disease 
monitoring and management strategies. 
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Figure 2. Proportional distribution of viruses detected in Vanilla planifolia. Krona chart illustrating the hierarchical 
taxonomic composition of viruses detected across leaf, stem, and pod tissues. The innermost ring represents 
major virus families (e.g., Alphaflexiviridae), while outer rings show genus and species levels. Cymbidium mosaic 
virus (CymMV; ~43 %) and Vanilla latent virus (VLV) were predominant across all tissues. Additional families 
such as Geminiviridae and Tymoviridae appeared in smaller proportions. The inclusion of pod data highlights 
systemic viral movement into reproductive tissues. 

Bioinformatic Analyses of CymMV and VLV 

The phylogenetic analyses of Cymbidium mosaic virus showed a high degree of divergence of 
this virus across the globe, indicating its wide distribution and genetic stability (Figure 3). This 
included the CymMV Homestead isolates from this study, which showed a high degree of divergence 
from globally prevailing CymMV strains (Figure 3). This indicates that this strain carries important 
genetic variations with respect to the reference strain. It is possible that such genetic variations could 
be brought on by local environmental factors, host-specific adaptation, and/or an accumulation of 
mutations over time, which eventually caused divergence from the reference strain that may affect 
its pathogenicity, transmissibility, or interaction with the host plant V. planifolia. 

 

Figure 3. Phylogenetic analyses of Cymbidium mosaic virus (CymMV) isolates from V. planifolia in Homestead, 
FL. The labels highlight each virus isolate’s accession number and host/source information. 

Genetic variation analyses of CymMV Homestead isolate highlighted regions of genetic 
differences that may impact the structure and function of the viral coat protein (Figure 4). Nucleotide 
sequences analyses of identified CymMV isolates identified two 20 bp genomic hotspots that harbor 
the main genetic variations. This first hotspot ranges from 5,830 bp to 5,850 bp (Figure 4A), and the 
second genomic hotspot ranges from 5,840 bp to 5,860 bp (Figure 4B). Those hotspot genomic regions 
contain both transitions (purine-to-purine or pyrimidine-to-pyrimidine) and transversions (purine-
to-pyrimidine) that are unique to the Homestead, FL isolate. Within these regions, most of the 
substitutions donate minor changes represented through transitions while the major changes are 
represented by transversions which might result in structural changes of the protein encoded by the 
virus.  
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Figure 4. Comparative alignment of the Cymbidium mosaic virus (CymMV) coat protein gene from the 
Homestead, FL isolate and representative global reference isolates. The top panel shows genome-level 
alignment, with green regions indicating high sequence identity. Bottom panels (A–B) highlight localized 
nucleotide variation within the coat protein region (~5,830–5,870 bp), with red boxes indicating substitutions 
unique to the Homestead isolate. 

Phylogenetic analysis of Vanilla latent virus (VLV) isolates revealed limited but discernible 
genetic variation among available reference sequences and the Homestead isolate (Figure 5A). All 
VLV sequences clustered within the genus Allexivirus, consistent with previous taxonomic 
assignments, and showed close relatedness to other reported vanilla-associated isolates. The 
Homestead VLV isolate formed a well-supported clade, confirming its identity and evolutionary 
placement. The comparatively reduced genetic variability observed for VLV likely reflects its 
persistent and largely asymptomatic infection strategy, which may impose lower selective pressure 
for rapid diversification. These results showed that VLV represents a stable and enduring component 
of the vanilla virome rather than a transient or incidental viral presence. 

Comparative alignment of the Vanilla latent virus (VLV) coat protein (CP) gene revealed a high 
degree of sequence conservation across analyzed isolates, with only minor nucleotide substitutions 
detected (Figure 5B). No pronounced mutation hotspots or extensive transversion events were 
observed within the VLV CP region. This conservation suggests strong structural or functional 
constraints acting on the coat protein. 

The limited CP divergence observed for VLV is consistent with its cryptic and largely 
asymptomatic infection behavior, which may facilitate long-term persistence within host tissues 
without eliciting strong defense responses. 
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Figure 5. Phylogenetic and sequence analyses of Vanilla latent virus (VLV) isolates from V. planifolia in 
Homestead, FL. (A) Phylogenetic analysis of VLV isolates; labels indicate accession number and host/source. (B) 
Comparative alignment of the VLV coat protein (CP) gene from the Homestead isolate and representative global 
reference isolates. 

4. Discussion 

Despite being an important spice crop, vanilla is primarily cultivated in agroforestry systems 
worldwide and has undergone limited genetic improvement for modern commercial production [40]. 
Although these open and relatively unprotected cropping systems allow low production input, the 
average lifespan of vanilla plantations is typically only 6–8 years due to disease pressures such as 
viral infections [8]. With the expansion of the vanilla market and increasing demand for high-quality, 
natural products, vanilla cultivation has been steadily growing worldwide, including recent rapid 
expansion in Florida. The present study provides new insights into the viral ecology of V. planifolia, 
particularly highlighting Cymbidium mosaic virus (CymMV) and Vanilla latent virus (VLV) as the 
predominant viral agents detected in tropical production systems of the southern United States. 

The widespread detection and high abundance of CymMV across multiple plant tissues 
corroborates previous reports identifying this virus as a major pathogen capable of systemic infection 
and efficient replication in vanilla plants [7]. In addition to these dominant viruses, the detection of 
viral sequences commonly associated with garlic, shallots, and other non-orchid hosts suggests 
potential horizontal transmission across plant species. Such cross-host transmission may be mediated 
by insect vectors including aphids, thrips, and mealybugs [3,41,42]. These observations indicate that 
orchid viruses can persist in mixed cropping systems and may spread through vegetative 
propagation practices commonly used in commercial vanilla cultivation. 

Variation in viral abundance within stem tissues may reflect underlying genetic differences in 
virus tolerance among vanilla accessions. Detection of viruses in pod tissues further confirms that 
viral movement in V. planifolia is systemic and extends beyond vegetative organs. The presence of 
CymMV and VLV in fruits suggests that reproductive tissues may serve as potential viral reservoirs 
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or transmission pathways. This observation aligns with studies in other crops demonstrating vertical 
or seed-associated viral transmission [4,43], and highlights the importance of phytosanitary screening 
of propagation materials to limit the spread of latent infections. 

Stem tissues generally exhibited higher viral mapping efficiency, suggesting greater viral loads 
in these organs. This pattern likely reflects the role of stems in long-distance viral transport through 
the vascular system, facilitating systemic movement and replication of viruses such as CymMV. 
Similar patterns have been reported in other plant–virus systems, where viral RNA accumulates in 
vascular tissues involved in systemic transport [44]. In contrast, the greatest viral richness was 
observed in leaf samples. Leaves are highly exposed to environmental factors and potential vectors, 
which may explain the broader range of viral species detected in these tissues. This observation 
supports the hypothesis that leaves function as primary entry points for many plant viruses and 
therefore encounter greater viral richness[41,45]. The frequent detection of multiple viral species 
within individual plants also indicates the presence of co-infections, which may lead to synergistic 
interactions that increase disease severity or, conversely, competitive interactions that suppress 
symptom expression. 

Phylogenetic analysis of CymMV isolates revealed notable genetic divergence in the Homestead 
isolate, which formed a distinct clade separate from previously reported global strains. This pattern 
suggests possible local adaptation or host-associated evolution within V. planifolia populations [11]. 
The Homestead isolate formed a distinct clade with 100% bootstrap support, confirming strong and 
unambiguous phylogenetic separation from all other global CymMV isolates included in the analysis. 
The phylogenetic separation was supported by sequence variation in the viral coat protein (CP) gene, 
where multiple nucleotide substitutions, including both transitions and transversions, were 
identified [46]. Such mutations may have functional implications, as the CP plays essential roles in 
virion assembly, host interaction, and systemic viral movement [10]. Structural or amino acid changes 
in the CP could therefore influence virion stability or host recognition, potentially altering infection 
dynamics associated with the Homestead isolate [47]. Previous studies have demonstrated that CP 
mutations can directly affect viral pathogenicity and transmission efficiency [10,46], suggesting that 
the observed divergence may represent adaptive evolution driven by host–virus interactions and 
local environmental pressures [48]. 

VLV was the second most abundant virus detected in this study. Although typically 
asymptomatic, its high prevalence suggests that it may play a significant role in the overall viral 
ecology of V. planifolia. Phylogenetic analysis places VLV within the genus Allexivirus (family 
Alphaflexiviridae), which includes viruses commonly associated with persistent infections in Allium 
species but has also been reported in non-Allium hosts, including vanilla [42]. The VLV genome 
contains genes encoding an RNA-dependent RNA polymerase, triple gene block (TGB) movement 
proteins, a coat protein, and a small additional open reading frame (~8 kDa) characteristic of 
allexiviruses [9]. Previous high-throughput sequencing studies have identified VLV in vanilla using 
leaf-derived datasets but did not fully resolve its distribution across multiple plant organs, 
particularly reproductive tissues [9]. The detection of VLV in leaf, stem, and pod tissues in this study 
provides evidence of systemic infection rather than superficial contamination. The frequent co-
occurrence of VLV with CymMV suggests that interactions between these viruses may occur in co-
infected plants. In Allium crops such as garlic and shallot, allexivirus co-infections have been shown 
to intensify symptom expression, alter host defense responses, and increase viral replication rates [3]. 
Although comparable studies have not yet been conducted in vanilla, the consistent co-detection of 
both viruses within the same tissues raises the hypothesis that interactions between them may occur; 
however, no direct experimental evidence for such an interaction was obtained in the present study, 
and this possibility requires dedicated future investigation. In contrast to CymMV, which exhibited 
pronounced genetic divergence and multiple mutation hotspots within the coat protein gene in the 
Homestead isolate (Figure 4), VLV displayed a highly conserved coat protein sequence across 
analyzed isolates (Figure 5). This contrast reflects differences observed in the present dataset and 
highlights distinct patterns of coat protein variation between the two viruses. 
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In other plant–virus systems, previous studies have shown that elevated coat protein variability 
in CymMV is associated with ongoing viral adaptation, potentially driven by host immune pressure, 
environmental selection, or long-term accumulation of mutations [10,11,46]. By contrast, members of 
the genus Allexivirus, including VLV, are known to establish persistent and often asymptomatic 
infections characterized by reduced sequence diversification and strong structural constraints on 
viral proteins [9,42]. Together, these observations suggest that CymMV is more likely to function as 
the dominant pathogenic contributor to disease progression in vanilla, whereas VLV may represent 
a biologically stable but less aggressive viral component within co-infected plants. Although VLV is 
generally considered asymptomatic, its widespread systemic presence raises the hypothesis that it 
could influence host physiology or modulate CymMV accumulation or symptom expression under 
specific conditions. Evidence for such interactions derives from studies in non-vanilla host systems 
rather than from the present dataset [3,43]. 

The observation of VLV in fruit (pod) tissues also raises the possibility of vertical or vegetative 
transmission, which could contribute to its persistence in commercial propagation systems. 
Considering its cryptic nature and systemic presence, VLV likely represents an underrecognized but 
biologically relevant component of the vanilla virome. Further studies focused on its genomic 
diversity, replication strategy, and potential interactions with other viruses will be essential to 
determine whether VLV acts as a passive endophyte or an active modulator of disease expression in 
V. planifolia. 

These findings underscore the importance of continuous monitoring of viral populations in 
vanilla crops. As viral populations evolve, new variants may emerge with the potential to overcome 
existing disease management strategies, including the use of resistant plant varieties. For example, 
the genetic divergence of the Homestead CymMV isolate raises important implications for disease 
management. The presence of unique mutations in the coat protein gene could enable this variant to 
overcome resistance mechanisms in V. planifolia  or spread more efficiently under local 
environmental conditions, as observed in other viral gene mutations [46]. The genetic divergence of 
the Homestead isolate of CymMV, combined with the observed viral diversity in leaf tissues, 
highlights the complexity of virus-host interactions in V. planifolia . The potential for cross-species 
transmission, as indicated by the presence of other viral species like Garlic viruses and Senna severe 
yellow mosaic virus, further complicates the viral landscape. Detection of these low-frequency viruses 
suggests that V. planifolia may encounter a broader range of viral agents than previously recognized, 
likely introduced through environmental exposure or vector transmission [29]. Understanding the 
evolutionary dynamics of these viral populations, including the role of genetic mutations in coat 
proteins, will be critical for developing more effective disease management strategies, particularly 
for high-value crops like vanilla [49]. It should be noted that viral identifications in this study were 
based exclusively on high-throughput sequencing data. While CymMV and VLV were detected at 
consistently high read depths across multiple tissue types and biological replicates, the low-
abundance viruses, including Garlic virus A, B, C, and D, and Senna severe yellow mosaic virus, were 
identified at read depths that cannot fully exclude background sequencing noise. RT-PCR or qPCR 
confirmation using virus-specific primers is recommended in future studies to validate the presence 
of these low-abundance taxa in V. planifolia. Furthermore, this study was conducted using two V. 
planifolia accessions selected to represent the most severe symptomatic cases in the Homestead 
germplasm collection. As such, the findings should be interpreted as preliminary data providing the 
first tissue-level virome characterization of V. planifolia in the United States, rather than as population-
level conclusions. Expanding the sample set to include a broader range of accessions and symptom 
severity levels will be an important next step for future studies. 

5. Conclusions 

This study highlights the significant role of Cymbidium mosaic virus (CymMV) and Vanilla latent 
virus (VLV) in the viral ecology of V. planifolia, with notable genetic divergence observed in the 
Homestead CymMV isolate. The observed viral diversity, tissue-specific viral accumulation, and 
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phylogenetic divergence underscore the complexity of virus-host interactions and the importance of 
ongoing monitoring and re-search into the evolution of plant viruses in vanilla cultivation. 
Importantly, this study provides the first integrated tissue-level and phylogenetic evidence 
demonstrating that VLV is a systemic and persistent component of the vanilla virome, co-existing 
with CymMV across both vegetative and reproductive organs. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

#23, #85 Vanilla planifolia accessions 23 and 85 

ANOVA Analysis of variance 

BME β-mercaptoethanol 

CP Coat protein 

CymMV Cymbidium mosaic virus 

DNA Deoxyribonucleic acid 

HTS High-throughput sequencing 

IFAS Institute of Food and Agricultural Sciences 

iTOL Interactive Tree of Life 

ML Maximum likelihood 

RNA Ribonucleic acid 

RdRp RNA-dependent RNA polymerase 

SD Standard deviation 

TGB Triple gene block 

UF/IFAS TREC 
University of Florida Institute of Food and Agricultural Sciences, Tropical Research 

and Education Center 

V. planifolia Vanilla planifolia 
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