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Article 
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Abstract: Commercially cultivated Prunus species are commonly grown in adjacent or mixed 
orchards, and can be infected with unique or commonly shared viruses. Apple (Malus domestica), 
another member of the Rosacea and distantly related to Prunus, can share the same growing regions 
and common pathogens. Pollen can be a major route for virus transmission, and analysis of the 
pollen virome in tree fruit orchards can provide insights into these virus pathogen complexes from 
mixed production sites. Commercial honey bee (Apis mellifera) pollination is essential for improved 
fruit set and yield in tree fruit production systems. Here we describe the metagenomics-based 
detection of plant viruses through bee and pollen samples collected during the spring bloom period 
from a mixed Prunus and Malus orchard. Twenty-one unique viruses were detected in samples 
collected during apricot (Prunus armeniaca), sweet cherry (Prunus avium), peach (Prunus persica), and 
apple blooms. Ilarviruses prune dwarf virus (PDV) and prunus necrotic ringspot virus (PNRSV), 
Secoviridae family members tomato necrotic ringspot virus, tobacco necrotic ringspot virus, and 
prunus virus F, and Capillovirus cherry virus A (CVA) were detected in all time points, while other 
viruses were detected with restricted ranges. These results demonstrate the benefits of area-wide 
monitoring through bee pollination activities, and provide new insights into the diversity of viruses 
in tree fruit pollination ecosystems. 

Keywords: metagenomic; virus; pollen transmission; Prunus; honey bee; apricot; cherry; peach; 
apple; virus diversity 

 

Introduction 

The Rosaceae family contains over 100 genera and 3000 individual species, including many 
important fruit tree crops [1]. Prunus species including apricots (Prunus armeniaca), sweet cherry 
[Prunus avium (L.)], and peach (Prunus persica) are often grown in close proximity in commercial 
farming operations. Apples (Malus domestica) are commonly grown near Prunus orchards, but have a 
wider habitat and production regions than Prunus spp. Tree fruit production is a major sector in 
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Canada, with apples accounting for 20.1% of total fruit farm gate values, followed by sweet cherries 
(5.7%), peaches (3.4%), and apricots (0.2%), together accounting for over 350 million Canadian (CDN) 
dollars in farm gate values across Canada in 2021 [2]. Viruses are a major threat to tree fruit 
production, and can result in severe losses [3]. The diversity, distribution, transmission, and host 
range of many of these viruses is poorly understood, especially at a whole-farm ecosystem level [4,5]. 
Effective monitoring approaches are required to fully appreciate the distribution of viruses in these 
systems, and the potential for virus transmission between tree fruit species and varieties. 

Over 163 viruses have been reported to infect major woody fruit trees, of which at least six  
infect both Prunus species and apples including: apple mosaic virus (ApMV, genus Ilarvirus), apple 
chlorotic leaf spot virus (ACLSV; genus Trichovirus), cherry leaf roll virus (CLRV, genus Nepovirus), 
tomato ringspot virus (ToRSV, genus Nepovirus), and prunus necrotic ringspot virus (PNRSV, genus 
Ilarvirus) [3,6–10]. Common viruses of Prunus trees include prune dwarf virus (PDV; genus Ilarvirus) 
and cherry virus A (CVA; genus Capillovirus), which are not known to infect apples [11,12]. Other 
viruses have a more restricted Prunus host range, such as nectarine stem pitting virus (NSPaV, genus 
Luteovirus) which has only been reported in peach and nectarine [13,14]. At least twenty-one viruses 
are known to infect apple trees, including apple stem grooving virus (ASGV, genus Capillovirus), 
ACLSV, and apple stem pitting virus (ASPV, genus Foveavirus)[3]. Citrus concave gum associated 
virus (CCGaV; genus Phlebovirus) is a recently described virus infecting apple and citrus, but is not 
known to infect Prunus [3,10,15]. Viral host ranges can be quite complex, and are often not well 
defined [16,17]. 

Transmission pathways can impose restraints on plant virus evolution, and plays a role in 
determining the natural host range [17–20]. Plant viruses can be transmitted mechanically, through 
vectors, seed, or vegetative propagation. Pollen is another major route of transmission in tree fruits 
for some viruses, both horizontal and vertical [21,22]. Of the ~46 known pollen transmitted viruses, 
only 18 are horizontally transmitted, suggesting different mechanisms and restrictions to pollen-
mediated virus transmission [21,22]. Viruses can also have direct negative effects on flowering and 
fruit production. PNRSV, for example, has been observed on the surface and within apricot pollen 
grains, and can negatively affect pollen germination [23,24]. In some cases, pollen germination and 
stigma penetration is essential for horizontal transmission, as demonstrated for raspberry bushy 
dwarf virus [25]. Other viruses can be potentially transmitted by pollinators like bees during foraging 
activities [26,27]. However, the relationship between the pollen virome and the orchard-wide plant 
virome is poorly understood [5,28,29]. Fruit tree orchards can be complex mixtures of closely related 
fruit tree species infected by multiple virus species with overlapping viral host ranges, but horizontal 
transmission could be restrained through pollen-pistil compatibility factors. 

Some tree fruit species require pollen donors for successful fruit production. While peaches and 
many apricot varieties are self-compatible, many cherry varieties are self-incompatible, further 
complicating aspects of pollen transmission of viruses [30,31]. The risk of virus transmission between 
Prunus species through pollen is generally regarded to be low, while transmission between Prunus 
and Malus species would be even less likely. In addition to pollen-pistil compatibility, Prunus species 
and varieties do not necessarily flower at the same time, creating additional temporal barriers to pollen-
associated virus transmission. Commercial honey bee (Apis mellifera) pollination services are widely 
used in tree fruit production systems to improve fruit set and fruit quality [32]. Honey bees forage 
intensively within a 1.5 km radius from their hives in agricultural settings, depending on flower 
availability [33,34]. Bees can also passively transmit plant viruses associated with pollen, or through 
direct contact with flowers [21,26–28].  

Bees and pollen can be useful in monitoring agricultural systems for pathogen presence or 
ecosystem health [4,5,35–37]. Foraging honey bees are potentially carrying pathogen-contaminated 
pollen and nectar which could provide information on the presence of these pathogens in nearby 
flowering plants [5,36,37]. Here, we take advantage of bee-based area-wide metagenomics 
monitoring approaches to better understand viral species and variant diversity in tree fruit 
production systems, with a specific focus on apricots, cherries, peaches, and apples. 
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Materials and Methods 

Farm Site and Sampling Details 

A long-established research farm containing multiple different tree fruit species in Jordan, Ontario 
(Jordan Farm) was selected as a study site because of the diversity and ages of tree fruit crops present. 
Three honey bee colonies were placed at various locations on the farm during the tree fruit bloom period 
in spring 2020, with each colony sampled independently at each time point, representing biological 
replicates for the site (Figure 1A). Three sample types were collected including ~25 Forager bees (collected 
outside colonies returning from foraging trips, with visible signs of pollen on their corbiculae), ~25 hive 
bees (collected from the brood nest of each hive, with no visible signs of pollen), corbiculae), ~25 hive bees 
(collected from the brood nest of each hive, with no visible signs of pollen), and  ~5 mL pollen collected 
using pollen traps (ApiHex, Guelph, Canada) installed on the front of each hive (Figure 1B-D). Samples 
were collected at four time points during the spring of 2020 corresponding with peak bloom levels for 
apricots (April 23rd), cherries (May 4th), peaches (May 12th), and apples (May 26th)(Figure 1E). In addition, 
two plant sample replicates consisting of leaf and flower tissue were collected from 10 random individuals 
located near the bee colony. One plot was sampled for leaf/flower tissue from each representative crop 
species examined (apricot, cherry, peach, and apple; Figure 1A).The most prominent tree fruit species 
grown on Jordan farm at the time of sampling were peaches and apples, followed by cherries and apricots 
(Figure 1A; Table 1). Trees were of mixed age, variety and rootstock combinations (Table 1). One plot each 
of nectarines (Prunus persica v . nucipersica) and plums (Prunus domestica) were also grown on site, and in 
flower during the period of sample collection, but were not analyzed as a part of this study. Other crops 
grown at this site included garlic (Allium sativum), strawberries (Fragaria x ananassa), grape (Vitis vinifera), 
and hops (Humulus lupulus) but were not flowering during the sample collection period (not shown). 

Table 1. Summary of varieties, rootstocks, total number, and age of Prunus and Malus trees grown on 
Jordan Farm. 

Crop 
Number 

of Plots 

Total 

Area 

(ha) 

Variety Rootstock 

Total 

number of 

trees 

Age of 

trees 

(years) 

Apricot 1 0.57 Haroblush, Harlayne 

Krymsk 1, 

Krymsk 86, 

Krymsk 99 

208 2 

Cherry 3 0.96 

Vista, Vogue, Hedelfingen, 

Tehranivee, Stella, Vandalay, 

Montmorency 

Mazzard, 

Mahaleb, 

Gisela 5 

317 14-50 

Peach 10 3.849 

Redhaven, Vivid, Nectarine, 

Harrow Diamond, 

Cresthaven 

Halford, 

Bailey, TLC, 

Bailey Field 

2832 2-17 

Apple 11 3.83 

Brookfield Gala, Empire, Red 

Fuji, Ambrosia, Honey Crisp, 

Silken, Morspur McIntosh, 

Golden Delicious, Royal Gala, 

Courtland, Delicious Red 

Chief, McIntosh Marshall, 

Jonagold, McIntosh 

G41, M26, 

BUD 9, M9, 

Mark 

3123 3-26 
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RNA Extraction and Sequencing 

Sample processing, extraction and sequencing were performed as in Smadi et al., 2024 [5,36]. Briefly, 
total RNA (totRNA) was extracted using the spectrum total plant RNA extraction kit (Sigma Aldrich, ON, 
Canada) while dsRNA was extracted from composite plant samples following Kesanakurti et al. 
(2016)[12]. Extracted totRNA was treated with an rRNA depletion step using the RiboMinusTM Plant Kit 
for RNA-Seq (Invitrogen, Waltham, MA, USA) as per the manufacturer’s instructions. Ribo depleted 
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totRNA and dsRNA HTS libraries were generated using the Illumina TruSeq Stranded mRNA Library 
Prep kit, following the manufacturer’s protocol, starting after the mRNA selection steps [12]. Libraries 
were dual indexed using the IDT for Illumina TruSeq RNA UD Indexes (Illumina, San Diego, CA, USA), 
normalized and sequenced using a NextSeq500 high output kit v2.5, 75 cycles (Illumina) which generated 
between 10 and 16 million reads, on average for each sample. DsRNA samples were also sequenced using 
a NextSeq500, but with approximately four to six million reads on average for each sample. RNAseq files 
were uploaded to the Sequence Read Archive and individual virus CP sequences were uploaded to 
genbank (Supplemental table 1; supplemental file 1). 

Bioinformatics and Phylogenetics 

HTS sample files were imported into Virtool (www.virtool.ca) for sample management, quality 
control (QC) and data analysis. Reads passing QC using FASTQC 
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed on September 2021), were 
mapped to plant virus databases updated December 2021 using the Pathoscope 2 pipeline [38]. Reads 
were aligned to representative isolates of all known plant viruses pulled from Genbank in September 
20th, 2021. Viruses with representative isolates receiving at least one mapped read then had reads 
mapped against all of their known isolates. Bowtie2 2.3.2 [39] was used in local mode for both rounds 
of read mapping with minimum score (–min-score) set to “L, 20, 1.0”, seed length (-L) to 15, and 
mismatches per seed (-N) set to 0. In the second round, the maximum number of alignments returned 
(-k) was set to 100. Reads matching viruses were also mapped to a host reference genome. Except for 
a 0 value for mismatches per seed (-N), default Bowtie2 parameters were used for mapping. Reads 
were eliminated from the analysis if they had a greater or equal alignment score to the host versus 
the virus. Multi-mapping reads were handled using a refactored derivative of the Pathoscope2 
identification module, which exactly matches the output of the published module. Read values are 
fractionally reassigned from least likely source genomes to most likely [40]. Virus identification based 
on Virtool was used to create sample-specific pathogen profiles. A minimum of 10% genome 
coverage was required for a virus species to be considered a positive detection from both totRNA 
and dsRNA samples. Sample profiles were combined to create a site-specific profile which included 
calculating the average frequency of detection for each sample type, and the average frequency of 
detection across all samples, average genome coverage, and Viral reads per million (VRPM) for each 
virus detected across all samples (Supplemental file 1). VRPM is similar to Transcripts Per Million, 
and was calculated from the total number reads mapping to each individual virus, dividing by 
genome length of the virus in kilobasepairs (Kbps), and then normalized for the total number of reads 
in the sequencing run, per million. Since Pathoscope 2 assigns reads aligning to multiple genomes 
proportionally, this can cause some inconsistencies with VRPM values when reads map to more than 
one closely related virus species [39]. Due to inconsistencies of viroid detections, read counts and 
VRPM were manually annotated using Geneious prime version 11.0.14.1 (Biomatters inc, CA, USA).  

Using host genome-subtracted de novo assembled contigs for each sample, sequences were 
aligned to the PDV, PNRSV, and CVA reference sequence using Geneious Prime (Supplemental table 
1). Samples with full coat protein nucleotide sequence coverage were used for pairwise and 
phylogenetic analysis, along with genbank reference sequences. Pairwise nucleotide distance 
comparisons were constructed using Geneious prime. Maximum likelihood phylogenetic trees were 
constructed using MEGA 11 with 1000 bootstrap replications [41]. 

Results 

Virus Detection during Tree Fruit Bloom 

Viral profiles from each sample were used to calculate the average frequency of detection in each 
sample type replicate, at each time point. The total average genome coverage and average VRPM 
across all samples was also calculated (Table 2; Supplemental file 1). A total of 21 virus species were 
identified from bee and pollen samples: PDV was most commonly detected (64% ), followed by CVA 
(58%), PNRSV (58%), prunus virus F (44 %; PVF; genus Fabavirus), ToRSV (44 %), and tobacco 
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ringspot virus (44 %; TRSV; genus Nepovirus) (Table 2). The Ilarvirus genus was best represented, 
including PDV, PNRSV, apple mosaic virus (11%), blackberry chlorotic ringspot virus (8%), tobacco 
streak virus (8%), and tomato necrotic shock virus (ToNSV; 6%; Table 2). The six most frequently 
detected viruses (PDV, CVA, PNRSV, PVF, TRSV, and ToRSV) were detected at all four sampling 
time points, and in all sample types (Figure 2). CVA had the highest average genome coverage (70%), 
while PDV had the highest normalized read counts (VRPM; Table 2). 
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Table 2. Plant virus detections in Bee and Pollen samples from AAFC Jordan farm during apricot, cherry, peach, and apple blooms. 

Virus Genus 

Frequency of detection (%) 

Total 
detections 
(n) 

Average 
frequency 
of 
detection 
(%) 

Average 
Genome 
Coverage 
(%) 

Average 
VRPM 

Apricot Cherry Peach Apple 

Forager Hive Pollen Forager Hive Pollen Forager Hive Pollen Forager Hive Pollen 

n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 

Prune dwarf virus Ilarvirus 33 33 100 67 100 100 33 100 67 33  100 23 64 62 32548 

Cherry virus A Capillovirus 67 67 100 67 100 100 33 33 33   100 21 58 70 5042 

Prunus necrotic ringspot virus Ilarvirus 67 33 67 100 100 100 67 33 33   100 21 58 54 26401 

Prunus virus F Fabavirus 33 33 67 67 100 100 33     100 16 44 63 2920 

Tobacco ringspot virus Nepovirus  33 33  67   67 67 100 100 67 16 44 47 11657 

Tomato ringspot virus Nepovirus 67 67 100 33  33 33  100  67 33 16 44 36 4000 

Brome mosaic virus Bromovirus 67 67 100 33  33 67  33 67  33 15 42 29 1743 

Peach latent mosaic viroid Pelamoviroid   67 67  67 100     67 11 31 37 0 

Apple mosaic virus Ilarvirus         67   67 4 11 33 135 

White clover mosaic virus Potexvirus 33         33  67 4 11 13 343 

Blackberry chlorotic ringspot virus Ilarvirus    33 33     33   3 8 34 5762 

Pelargonium zonate spot virus Anulavirus         33 67   3 8 23 1449 

Tobacco streak virus Ilarvirus 67   33         3 8 16 117 

Gaillardia latent virus Carlavirus    33        33 2 6 18 4 

Raphanus sativus cryptic virus 3 
Unclassified 
Partitiviridae 

        33  33  2 6 47 53 

Tomato necrotic spot virus Ilarvirus          33  33 2 6 40 296 

Apple hammerhead viroid Pelamoviroid          33   1 3 20 0 

Apple stem grooving virus Capillovirus         33    1 3 66 279 

Citrus concave gum associated virus Coguvirus         33    1 3 67 1408 

Citrus virus A Coguvirus            33 1 3 28 39 

Peanut stunt virus Cucumovirus            33 1 3 10 0 
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Virus Species Diversity in Different Sample Types and Sampling Times 

To understand the distribution of viruses across sample types and time points, the average number 
of virus species identified in each sample type was calculated (Figure 2A). Four viruses were identified in 
the majority of samples, with a range of two to eight viruses identified per sample (Figure 2A). When 
examining the number of viruses detected among sample types irrespective of time point, a significant 
main effect was detected (One-way ANOVA, p = 0.007, F = 5.80, df = 2), with differences observed between 
the number of virus types identified in pollen and hive bee samples (Tukey’s HSD, p = 0.005. When 
comparing among sampling times, no significant difference was observed between the number of viruses 
identified (One-way ANOVA, p = 0.71, F = 0.40, df = 3; Figure 2A). CVA, PVF, BMV, TRSV, ToRSV, PDV, 
PNRSV, and PLMVd were detected at all time points. TSV was associated with apricot and cherry time 
points, CCGaV and ASGV were unique to the peach time point, ToNSV,  AHHVd peanut stunt virus 
(PSV; genus Cucumovirus) and citrus virus A (CiVA; genus Coguvirus) to the apple time point, and 
raphanus sativus cryptic virus 3 (RSCV3), ApMV, and PZSV with both peach and apple time points 
(Figure 2B). PDV, PNRSV, and CVA were the three most prominent viruses detected overall, and they 
were most frequently detected during the cherry time point (Figure 2C). The greatest number of virus 
species were identified in pollen and forager bee samples (Figure 3A). No unique virus species could be 
associated with hive bees, with viruses identified in hive bees also identified in pollen and forager bee 
samples (n = 7), including CVA, PDV, PNRSV, TRSV, ToRSV, PVF, and BMV (Figure 3A). 
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To correlate viruses identified in bee-collected samples with viruses infecting the targeted tree 
fruit species, two replicates of composite leaf and flower samples were collected from ~10 random 
individuals from one apricot, cherry, peach, and apple plot located near the bee colonies, at the same 
time as when the bee samples were collected (Figure 1A). As opposed to totRNA extracted bee/pollen 
samples, dsRNA was extracted from leaf/flower samples to preferentially isolate replicating viruses 
(Table 3). During the apricot time point fewer viruses were detected in leaf/flower (n = 3) compared 
to bee/pollen samples (n = 10), with only PNRSV identified in both sample sets from this time point 
(Figure 3B). In cherries, seven viruses were unique to bee/pollen samples [BMV, ToRSV, PLMVd, 
TSV, TRSV, BCRV, and Gaillardia latent virus (GaiLV; genus Carlavirus)], four viruses (PDV, CVA, 
PNRSV, and PVF) were identified in both bee/pollen and leaf/flower samples (Figure 3C), while four 
viruses were unique to leaf/flower samples (ApMV, BlShV, LCV1, and WCMV). In peaches, 13 
viruses were identified in bee/pollen samples compared with three from leaf/flower samples; 
nectarine stem pitting associated virus (genus Luteovirus) and cherry necrotic rusty mottle virus 
(genus Robigovirus) were detected only in leaf/flower samples, while PLMVd detected in both sample 
types (Table 3; Figure 3D). Many viruses were identified in apple leaf/flower samples (n = 8), but not 
in bee/pollen samples including ACLSV, apple flat limb virus (AFLV; genus Rubodvirus), apple 
rubbery wood virus 2 (ARWV2; genus Rubodvirus), ASPV, ASGV, and CCGaV (Figure 3E). Viruses 
identified in both sample types from apples included ApMV, AHHVd, and RSCV3 (unclassified 
Partitiviridae family) (Figure 3D). 

Coat Protein Sequence Diversity of CVA, PDV, and PNRSV 

Pairwise and phylogenetic analysis of the PDV, CVA, and PNRSV coat protein (CP) nucleotide 
sequences were undertaken to investigate virus sequence diversity. Only sample data with full 
coverage of the CP open reading frame (ORF) for one or more of the three viruses were used. The 
PNRSV CP ORF sequences were the most diverse ranging from 89-100 % identity, while CVA and 
PDV CP sequences ranged from 95.3 - 98.5 % and 96 – 100 % identity, respectively (Figure 4A, 5A, 
and 6A). In total, 11 samples had full CVA CP coverage, including two leaf/flower samples collected 
from cherries (ONJF1-CH-1T1 and ONJF1-CH-1T2; Figure 4; Supplemental table 1). Six CP sequences 
were obtained from cherry time point samples, three from apricot, and two from apple (Figure 4B). 
All CVA CP sequences clustered closely together with a previously reported CVA isolate from Jordan 
farm (MF062118), and grouped within phylogroup II as defined in Gao et al., 2017 (Figure 4B)[42,43].  

Complete PDV CP sequences were obtained from 26 sample data sets, including plant tissue 
samples from cherry (n = 2)(Figure 5A; Supplemental table 1). Two branches of sequences derived 
from these samples were identified, all within PDV phylogroup II as defined in Kinoti et al., 2018 
(Figure 5B)[44]. The first branch contained nine sequences derived from peach (n = 4), cherry (n = 3, 
two from leaf/flower samples), and apricot (n = 2), and clustered closely with the reference sequence 
(NC_008038). Identities within this branch ranged from 97.9-100 % (Figure 5B). The second branch 
contained eight sequences with identities ranging from 99.2-100 %, and clustered closely with an 
isolate from a Bulgarian sweet cherry sample (MK139682; Figure 5)[45]. Sequence identity was 
typically over 98 % within each branch, and less than 97.6 % identical between branches (Figure 5A). 
Five other sequences derived from apricot and cherry samples branched more independently (Figure 
5B).  

In total, 23 PNRSV CP sequences were recovered from pollen, bee and plant sample data sets 
(Figure 6A). Of these, 17 clustered within the PV32 phylogroup along with the reference sequence 
(NC_004363), and shared a high degree of identity (> 98.5 %)(Figure 6)[46]. These sequence data were 
derived from all four time points, including only one isolate from the apple time point (ONJF1-AP-
2P; Figure 6B). Two isolates derived from a cherry and apricot leaf/flower samples were included in 
this group. One sequence derived from an apricot hive bee sample branched more closely with the 
PV96 phylogroup (ONJF1-AT-3H). One sequence derived from an apple pollen sample (ONJF1-AP-
3P) was distantly related to all other sequences from this study (90.4 – 91.9 %) and did not associate 
with any particular phylogroup. 
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samples, red for cherry, yellow for  

peach, and green for apple. 
 

P
rep

rin
ts.o

rg
 (w

w
w

.p
rep

rin
ts.o

rg
)  |  N

O
T

 P
E

E
R

-R
E

V
IE

W
E

D
  |  P

o
sted

: 31 M
ay 2024                   d

o
i:10.20944/p

rep
rin

ts202405.2139.v1

https://doi.org/10.20944/preprints202405.2139.v1


 11 

 

 

P
rep

rin
ts.o

rg
 (w

w
w

.p
rep

rin
ts.o

rg
)  |  N

O
T

 P
E

E
R

-R
E

V
IE

W
E

D
  |  P

o
sted

: 31 M
ay 2024                   d

o
i:10.20944/p

rep
rin

ts202405.2139.v1

https://doi.org/10.20944/preprints202405.2139.v1


 12 

 

 

P
rep

rin
ts.o

rg
 (w

w
w

.p
rep

rin
ts.o

rg
)  |  N

O
T

 P
E

E
R

-R
E

V
IE

W
E

D
  |  P

o
sted

: 31 M
ay 2024                   d

o
i:10.20944/p

rep
rin

ts202405.2139.v1

https://doi.org/10.20944/preprints202405.2139.v1


 13 

 

Table 3. Plant virus detection from apricot, cherry, peach, and apple leaf/flower tissue. 

Virus species Genus or family 

Frequency (%) 
Total 

Detections 
(n) 

Average 
frequency 

of detection 
(%) 

Average 
Genome 
Coverage 

(%) 

Average 
VRPM 

Apricot Cherry Peach Apple 
Plant tissue 

n=2 n=2 n=2 n=2 
Prunus necrotic ringspot virus  Ilarvirus 100 50   3 38 70.8 2041 

Apple mosaic virus  Ilarvirus  50  50 2 25 20.6 0 
Cherry virus A  Capillovirus  100   2 25 99.6 1181 

Prune dwarf virus Ilarvirus  100   2 25 15.7 1 
Apple chlorotic leaf spot virus Trichovirus    100 2 25 78.7 500 

Apple flat limb virus Rubodvirus    100 2 25 39.65 4 
Apple rubbery wood virus 2 Rubodvirus    100 2 25 91.5 107 

Apple stem pitting virus Foveavirus    100 2 25 67.6 225 
Prunus virus F  Fabavirus  100   2 25 97.1 67 

Little cherry virus 1 Velarivirus  100   2 25 99.95 1314 
Nectarine stem pitting-associated virus Luteovirus   100  2 25 82.2 223 

Cherry necrotic rusty mottle virus Robigovirus   100  2 25 95.05 58 
Raphanus sativus cryptic virus 3 Unclassified Partitiviridae    50 1 13 18.9 0 

Apple hammerhead viroid  Pelamoviroid    50 1 13 100 2410 
Apple stem grooving virus Capillovirus    50 1 13 99.6 7528 

Citrus concave gum associated virus Coguvirus    50 1 13 99.2 417 
Peach latent mosaic viroid Pelmaviroid   50  1 13 99.6 27 

Blueberry latent virus  Amalgavirus    50 1 13 13.2 4 
Blueberry shock virus Ilarvirus  50   1 13 11.1 7 
Citrus excordis viroid Pospiviroidae 50    1 13 96.4 169 

Grapevine associated ilarvirus Ilarvirus    50 1 13 24.6 1 
Peanut stunt virus Cucumovirus 50    1 13 16.9 0 

White clover mosaic virus Potexvirus  50   1 13 26.7 0 
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Discussion 

Metagenomics Based Detection of Plant Viruses through Pollen 

Honey bees are capable of foraging from a broad diversity of plants in various landscapes [49].   
Individual honey bees choose floral resources based on exploiting profitable flowers in the vicinity 
of their hive and exhibit considerable fidelity to a crop or floral patch during successive flights, only 
switching when pollen becomes scarce or unattractive [47]. Colony-level pollen foraging decisions 
are affected by landscape and closely follow changes in the seasonal availability of floral resources 
[48–50]. Flowering plant species including those of agricultural importance, have overlapping bloom 
periods which can result in a complex of pollens from multiple species being collected by honey bees 
at any one time. While each time point represented the peak bloom period for each species we 
examined, other tree fruit and naturally occurring plant species were in bloom which could have 
contributed to the diversity of pollens collected, resulting in a complex mixture of pollens from 
multiple potential plant species (Figure 2B). Consistent with this, CVA, PDV, and PNRSV coat protein 
sequences did not assort together based on time of sampling, suggesting broad floral inputs into bee 
and pollen samples. It is therefore difficult to accurately ascertain the origins of viruses identified 
from pollen-based environmental sampling [50]. Viruses could be originating from closely related 
Prunus and Malus species or potential weedy host reservoirs.  

The identification of plant species from pollen samples through DNA metabarcoding could help 
to define the limits of pollen-based virus identification and better understand the potential for 
alternate hosts for viruses of concern [51–54]. Combining work-flows to include multiple 
environmental-health indicators including bacterial and fungal pathogens, pesticide and chemical 
monitoring, invasive plant species, and even honey bee pathogens and parasites, could create a 
powerful one-health monitoring tool [5,37,51,52,54–58]. Regardless, the most frequent detections of 
plant viruses (ex. PDV and PNRSV) were viruses known to cause disease in these systems, and 
identified a striking amount of nucleotide sequence diversity, demonstrating the accuracy and 
sensitivity of pollen-mediated metagenomics based detection of plant viruses in tree fruit orchard 
systems [5,59]. 

Viral Diversity in Bee-Collected Pollen Samples 

Many viruses are associated with pollen transmission including members of the 
Alphacryptovirus, Ilarvirus, Nepovirus, and Potyvirus genera [21,59,60]. Ilarviruses in particular were 
widely prevalent in this study, with representatives from three of the four Ilarvirus subgroups 
identified [60,61]. ToNSV from subgroup 1, BCRV, TSV, and PDV from subgroup 3, and PNRSV and 
ApMV from subgroup 4 were detected, demonstrating a large diversity of Ilarviruses at this site. 
BCRV and ToNSV are not normally associated with Prunus hosts, and while BCRV has been reported 
to infect apple this virus was not detected in our survey of leaf/flower samples from apples [62,63]. 
BCRV is typically associated with cane fruits like blackberries (Rubus allegheniensis) or other Rubus 
plants [63,64] Primary hosts for ToNSV are Solanaceous plants [65], yet no Solanaceous crops were 
grown at the time on Jordan farm. Both viruses were detected in low frequencies, which highlights 
the sensitivity of this approach and complexities of interpretation. Three other viruses in the 
Bromoviridae family were identified including BMV, PSV, and pelargonium zonate spot virus (genus 
Anulavirus). BMV, PSV, BCRV, and many other viruses identified in this study were also identified 
in a recent survey of the pollen virome of wild plants, confirming a strong association with pollen, 
and suggests they could be widespread in the endemic plant pollen ecosystem near Jordan farm [4]. 
Understanding the host origins of viruses in bee and pollen samples can be difficult, but can inform 
targeted follow up studies in commercial fruit crops [66]. 

Viruses in the Secoviridae family were also detected in all time points, including nepoviruses 
ToRSV and TRSV, and Fabavirus PVF [67,68]. Nepoviruses are commonly transmitted via nematodes, 
seed and pollen [67], while known regarding the transmission of PVF. Fabaviruses have a broad host 
range and are associated with aphid transmission but no vector has been identified for PVF to date, 
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while this and our previous study strongly associate PVF with pollen in tree fruit systems [5,69]. 
ToRSV and TRSV were not identified in leaf/flower samples, but were present in all other bee and 
pollen samples. ToRSV was more frequent during apricot and cherry blooms while TRSV was more 
frequent during apple bloom, but these three viruses were not identified in leaf/flower samples. It is 
possible they could have been missed in our limited random sampling of leaf/flower tissue, or are 
infecting other plant species in the area.  

The number of viruses identified per sample was largely consistent from apricot through to the 
peach bloom, with slightly more viruses detected in apple pollen samples, despite substantial 
increases in the number of individual trees in flower as the bloom period progressed (Table 1). 
However, the viral species diversity increased during peach and apple blooms correlated with 
increased numbers of individual in flower. PDV, PNRSV, and CVA were the most frequently 
detected viruses, present across all time points and sample types, yet were more prevalent during the 
cherry time bloom. Virus profiles taken during flowering of the three Prunus species were more 
similar, whereas the profiles obtained during the apple flowering time point included detections of 
apple-infecting viruses/viroids like CiVA, ApMV, and AHHVd. Apple-infecting viruses like ASGV 
and CCGaV were only identified in the peach time point, suggesting potential crossover from apple 
or other pome pollen. Two apple-infecting coguviruses (CCGaV and CiVA) were detected in one 
sample from peach and apple, respectively. These two viruses were also prominent in apple pollen 
samples from our previous study, which could suggest a previously unreported association with 
pollen [5]. Coguviruses can be graft-transmissible, and CCGaV was recently reported to be seedborne 
[70,71].  

Sequence Diversity of Identified Viruses 

The known cherry-infecting viruses CVA, PDV and PNRSV were the most common viruses 
detected during the cherry time point, each with a unique pattern of observed nucleotide sequence 
diversity. All CVA CP sequences clustered with a previously described cherry isolate from this site 
[45,72]. In this study, aside from detection in bee/pollen samples from all time points, CVA was 
identified in cherry leaf/flower tissue with high read counts, but not from other Prunus or apple 
leaf/flower samples consistent with this virus originating primarily from cherry trees (Figure 4). 
Consistent with previous studies, CVA nucleotide sequences were highly variable despite grouping 
together in phylogenetic analysis [44,73]. CVA is transmitted via grafting and no other major 
transmission route has been widely reported; further studies could investigate the high association 
of CVA with pollen [74]. 

PDV isolates cluster into three major phylogroups, with all isolates identified in this study 
belonging to phylogroup II [44]. Phylogenetic and pairwise sequence analysis identified two distinct 
sub-groupings within phylogroup II, one associated with peach bee/pollen samples and two cherry 
leaf/flower samples, and another detected in all four sampling time points. Additional minor isolates 
were identified including one closely related to an isolate from cherries in British Columbia 
(MZ220994), demonstrating multiple variants of PDV present at this site. The high variability and 
distinct groupings of isolates in this study could be due to the wide variety of Prunus species, 
varieties, and ages of plants. Further studies could investigate the host range and pathogenicity of 
these variants, which could help to identify priorities for management. 

PNRSV variants present in the samples were more diverse than CVA or PDV, with CP 
nucleotide sequence identities ranging from 89.6 – 99.7 %. This was greater than previous reports 
from this site (95.1 - 100 %, or in other related studies of PNRSV pathology (94 – 100 %)[43,75]. The 
PNRSV sequence data separated into two major clusters, one associated with apricot leaf/flower 
samples, and the second from cherry leaf/flower samples, suggesting unique variants of PNRSV 
associated with these hosts. A third, unique variant of PNRSV with the lowest identity to all other 
samples (89.6-91.9 %) was detected from the apple time point, possibly arising from apple trees, or 
other host flowering at this site at the same time. Data from this study demonstrate a broad diversity 
of sequences within the PV32 phylogroup, one isolate associated with PV96 [29,75], and one isolate 
from an apple pollen sample distantly related to other groups. PV32 and PV96 have been described 
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as mild isolates of PNRSV, but can still result in suppressed growth, necrotic spots and chlorosis on 
Prunus tomentosa [76]. 

Conclusion 

Bee-mediated plant virus monitoring can provide an overview of the pollen-associated virome, 
and potential viral pathogens in the immediate area [5,36,37,48]. Bee-mediated sampling can greatly 
facilitate sampling from multiple individuals at a commercial farm site which can often have 
thousands of trees, but determining the exact origins of viruses detected or understanding the 
dangers associated with transmission is still poorly understood. Compared to virus identification 
from plant samples based on visual symptoms, bee/pollen-mediated surveys of viral diversity could 
provide many advantages including reduced sampling labour, capturing greater levels of viral 
diversity, and identifying emerging viruses before they become widespread. PDV, PNRSV and CVA 
were widely prevalent in bee and pollen samples from most time points, with the highest frequency 
of detection during cherry bloom. Viruses detected during apple bloom were consistent with apple-
infecting viruses like AHHVd, ApMV, and CiVA. A broad diversity of PDV and PNRSV variants 
were present at this site based on CP nucleotide sequence comparisons, demonstrating many 
advantages to bee-mediated metagenomic based virus monitoring.  
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