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ABSTRACT

Plant viruses are ubiquitous throughout plant communities,
but research on viral impacts largely focuses on crops. Little
is known about how viruses influence wild plants in their native
habitats. To address this gap, we examined virus interactions
with wild drought-tolerant perennials in California desert natural
areas encroached upon by agriculture. We used metagenomics,
targeted diagnostics, and phylogenetics to assess virus diversity
and clade relationships, and experiments to investigate viral
influence on hosts. We focused on three herbaceous perennials
(Cucurbita foetidissima, C. palmata, and Datura wrightii)
and tested the hypothesis that these wild species accumulate
virus infections typically found in crops and transmitted
by polyphagous insects. We predicted that such infections might
be retained across seasons and potentially impair plant perfor-
mance. Virome profiling revealed a rich community of previously
characterized virus species (12 total), with virus community

structure varying by site and host species. The dominant viruses
in the wild hosts were non-native crop pathogens, including
cucurbit aphid-borne yellows virus (CABYV) and cucurbit yellow
stunting disorder virus (CYSDV). Targeted testing revealed

that CABYV infected as many as 88% of sampled wild Cucurbita
individuals, with dual CABYV—CYSDV infections common

in natural areas adjacent to desert agriculture. CABYV infections
reduced shoot and root production in greenhouse experiments
with the two wild Cucurbita species. Phylogenetic analyses
suggest that CABYV was introduced to California multiple times
from other continents. Our findings provide concerning evidence
of ways in which human activities can alter virus pressure

on wild plants and potentially contribute to plant decline.

Keywords: cucurbit aphid-borne yellows virus, cucurbit yellow
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Viruses are present in all habitats that support cellular life, where
they are important drivers of processes that shape and structure
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communities. Despite this, we know very little about how plant
viruses influence the ecology and resilience of the undomesticated,
long-lived perennial plants that dominate most native communities
(Lefeuvre et al. 2019; Malmstrom and Alexander 2016). Lack of
progress in this area reflects a historic focus on one-way virus trans-
fer from wild hosts to managed crops, motivated by the desire to
reduce viral economic impacts; in this context, wild hosts have been
considered primarily as potential incubators and amplifiers of pests
and pathogens that might threaten crops (Jones 2014). However, as
natural land cover diminishes worldwide and agriculture become
more extensive, it is important to consider how crops themselves
shape local and regional virus abundance and diversity, and the
reciprocal effects of viral exchange from crops to wild habitats.
In today’s human-altered landscapes, wild plants in remnant native
communities likely experience notable exposure to viral fluxes from
agriculture (Bernardo et al. 2018; Hochman Adler et al. 2014), rep-
resenting both endemic native viruses and introduced non-native
viral species.

Metagenomic surveys of virus diversity in wild plants underscore
the need to examine the impacts of virus movement from crops to
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wild vegetation. For example, in a large metagenomic survey of
virus diversity and prevalence across agricultural-to-wild transition
zones, Bernardo et al. (2018) detected virus species that typically
cause disease in agricultural crops in 59.5% of wild plant hosts
sampled in uncultivated areas classified as “intact native habitat”
or “degraded native habitat.” These viruses have the potential to in-
fluence biological processes that affect the distribution, abundance,
and performance of wild plant species, including growth and repro-
duction, defense responses, resource allocation, stress tolerance,
and overall fitness (Hily et al. 2016; Malmstrom and Alexander
2016; Malmstrom et al. 2005, 2017; Xu et al. 2008; Zhao et al.
2016). In perennial plants, virus impacts are not necessarily con-
fined to single growing seasons; viruses can be present in perennials
as infectious agents for years, or even decades, during which hosts
can experience cumulative fitness effects. For instance, Alexander
et al. (2017) showed that common, aphid-vectored virus species
that infect cereal crops can likewise reduce the multiyear fitness of
a keystone grassland perennial (switchgrass); these same cereal-
infecting virus species reduce the fitness and survival of threatened
native perennial bunchgrasses in California (Malmstrom et al.
2005).

Viruses also compose viral communities within and among wild
hosts (Sallinen et al. 2020; Susi et al. 2019). Untargeted sequencing
has revealed that infections by multiple viruses within single host
plants are the rule, rather than the exception (Schoelz and Stewart
2018; Thapa et al. 2012, 2015) and that most wild plants are in-
fected with multiple viruses at any given time (Susi et al. 2019;
Tollenaere et al. 2016). It is thus clear that viruses must be con-
sidered integral elements of natural plant communities. To evaluate
their ecological influence requires interdisciplinary approaches that
blend community ecology with virology, entomology, and plant bi-
ology. This work has been slowed by historical separations among
these disciplines (Malmstrom et al. 2011) and by deficits in fun-
damental understanding of viral natural history. As a result, many
key questions within virus ecology remain wide open for investiga-
tion: What factors shape virus communities within and across host
species? How common are crop-associated viruses (those causing
economic damage in crops) in wild plant communities, and are
they genetically similar to viruses infecting crops? How long can
such virus infections persist within wild perennial hosts? How do
viruses, especially non-native, crop-associated species, influence
plant health and fitness?

These research questions are logical extensions to viruses of the
idea that microbes profoundly affect plants. However, where cellu-
lar microbes (e.g., fungi, bacteria) can be profiled using universal
coding sequences targeting genomic DNA, no such universal cod-
ing sequences exist for viruses, which vary notably in genomic
nucleic acid type and structure. Challenges in virus recovery and
identification contributed to the slow start of virus ecology, but these
challenges have diminished as high-throughput sequencing (HTS)
has become more affordable and techniques for sequencing virus
genomes in host material have improved (Edgar et al. 2022; Lacroix
et al. 2016; Maclot et al. 2020; Roossinck 2017; Shates et al. 2019).
As a result, we have a broad capability to study, with some limi-
tations, the diversity and abundance of viruses in wild plant com-
munities. Foundational work in this area (Roossinck 2011; Thapa
etal. 2012, 2015) is a necessary first step to accelerating hypothesis
generation and effective experimental design to quantify viral im-
pacts on wild plant performance and fitness (Alexander et al. 2017,
Bernardo et al. 2018; Malmstrom et al. 2017; Susi and Laine 2021;
Susi et al. 2022).

Here, we examine virus diversity, prevalence, and impacts on
summer-growing perennials in the unique drought-adapted grass-
land, sage scrub, and chaparral habitats of the California floristic

province. These habitats house an incredible diversity of native
species (Myers et al. 2000), but are shrinking and becoming more
fragmented, creating new avenues for virus and vector incursions
from agricultural and suburban landscapes (Brooks et al. 2002).
Within these natural habitats, we focused on three herbaceous
perennial angiosperms (Cucurbita foetidissima Kunth, C. palmata
S. Watson, and Datura wrightii Regel; Fig. 1; Supplementary Table
S1) that grow and bloom at the height of insect vector activity in
crops (May through September) and when most annual plants in the
area have senesced. This phenology results in the visual signature
of large green plants against a dark soil background, which attracts
generalist vector insects, including many common in crops (Doring
and Chittka 2007; Doring et al. 2004; Perring et al. 2018). Based
on their phenology, we hypothesized that (i) the focal native plant
species are exposed to large numbers of vectors, and frequently sup-
port viruses previously detected in southwestern U.S. agricultural
areas. We further hypothesized that (ii) the virus community struc-
ture here would vary with host species and site characteristics (habi-
tat size, location) and that (iii) viruses typically found in agricultural
crops might cause performance-reducing disease in the wild plant
species.

MATERIALS AND METHODS

Field sampling and tissue handling. We collected plant tis-
sue from C. foetidissima, C. palmata, and D. wrightii growing
in three preserved natural areas (reserves) in southern Cal-
ifornia: Motte Rimrock Reserve (https://ucnrs.org/reserves/
motte-rimrock-reserve/),  Shipley-Skinner ~Multispecies Re-
serve, and Anza-Borrego Desert State Park (https://ucnrs.org/
reserves/steeleburnand-anza-borrego-desert-research-center/; Fig.
1; Shates et al. 2019). For all collections, we sampled both leaf and
stem tissue from each plant by inverting a clean plastic Ziplock
bag over the tissue, pulling with force, and then sealing the bag.
Approximately 10 g of leaf tissue was taken for double-stranded
RNA (dsRNA) extraction, and 4 g of leaf plus stem tissue was
carefully partitioned into 50-ml RNase-free Falcon tubes and
stored at —80°C until further processing. In total, we collected
tissue from 20 C. foetidissima, 14 C. palmata, and 9 D. wrightii
for HTS from all three reserves.

We also collected additional samples to estimate the prevalence
of select viruses identified by HTS within each reserve. We col-
lected samples from a subset of the individuals at each location
without regard to symptom expression (~15 to 20% of the esti-
mated total number of individuals in the location, based on vi-
sual surveys). Within Anza-Borrego, we collected an additional 20
C. foetidissima, 44 C. palmata, and 10 D. wrightii from each sam-
pling location when we sampled hosts for HTS in 2019. For these
collections, which required less tissue for total RNA extraction,
we collected only one leaf per plant. At the Motte Rimrock and
Shipley-Skinner reserves, we returned to the plant populations sam-
pled in 2017 and collected leaves from ~15 to 20% of the plants
(estimated after initial counts early in the summer) for three ad-
ditional years (2018, 2019, and 2020). Information about all sur-
veyed plants, including the numbers of plants sampled for each
analysis and associated metadata, is available in Supplementary
Table S1.

GPS coordinates for sampled plants were recorded by pho-
tographing plants using smartphones with GPS capability and ac-
cessing photograph metadata. All three hosts are long-lived peren-
nials with large tap roots, which are ideal for resampling. However,
the cucurbit vines can grow many meters long and may overlap with
other individuals. We attempted to return to the same individuals
year to year, but because of variation in plant growth each year, only
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a subset of sampled plants could be used conclusively for assessing
year-to-year virus retention (numbers of sampled plants listed in
Supplementary Table S2).

Nucleic acid extractions, sequencing, and virus detection.
We extracted double-stranded RNA (dsRNA) for nontargeted HTS
from all samples from which we had collected 10 g of tissue (Sup-
plementary Table S1; Kesanakurti et al. 2016; Ma et al. 2020;
Shates et al. 2019). For quality control, we spiked one leaf punch of
‘California Wonder’ bell pepper into each sample before extraction.
This tissue was infected with bell pepper endornavirus (BPEV, En-
dornaviridae), and we assessed successful dsSRNA extraction and
sequencing based on recovery of BPEV. For example, before library
preparation, we performed reverse transcription-PCR (RT-PCR) for
BPEV to evaluate virus recovery. To construct libraries, we dena-
tured an aliquot of 5 ul of dsSRNA solution from each extraction by
incubating at 99°C for 5 min, placed the solution on ice, and used
the NEBNext UltraTM II Directional RNA Library Prep Kit for
Illumina (New England Biolabs) following the manufacturer’s pro-
tocol. The average insert size was 250 to 300 bp. Sequencing was
done at the UC Riverside Genomics Core on the Illumina NextSeq
platform on a Mid Output flow cell (v2) with a paired-end 75-bp
read length, which can produce 260M paired-end reads. Adaptors
were trimmed by Core staff before we processed the output us-
ing a workflow we previously designed for the Galaxy Platform
(Afgan et al. 2018; Shates et al. 2019; The Galaxy Community
2022). We filtered out host genomes, performed de novo assem-
bly using Trinity, and used nucleotide BLAST to find putative virus
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identities from the NCBI GenBank plant virus database as in Shates
et al. (2019). Sequencing results for Motte Rimrock Reserve and
Shipley-Skinner Reserve were previously published in Shates et al.
(2019) (GenBank accession SRP149013) and results for collections
from Anza-Borrego are reported for the first time here.

For targeted detection of select viruses identified through HTS,
we extracted total RNA from the leaf tissue of plants subjected to
HTS, and then sampled additional plants to confirm HTS identities
and estimate virus prevalence in each location. We homogenized
samples under cryogenic conditions using a GenoGrinder (SPEX)
and then used TRI Reagent (Sigma-Aldrich) to extract total RNA
following the manufacturer’s protocol. After TRI Reagent extrac-
tions, RNA was purified according to the protocol of Hughes (2019)
to remove excess polysaccharides and other inhibitors that are fre-
quent contaminants in nucleic acid extraction from wild plants. We
had previously confirmed putative virus identities for the viruses
presentin plants from Motte Rimrock and Shipley-Skinner reserves.
Here, we repeated these steps to validate dominant viruses (see
section below) in the plants from Anza-Borrego. We used targeted
RT-PCR with virus-specific PCR primers for the coat protein for
known virus species to confirm virus identities from dsRNA ex-
tracts (primers [IDT DNA] in Supplementary Table S3). All reverse
transcription and PCR were conducted according to the protocol in
the Supplementary Material, Appendix I on a Bio-Rad T100TM
thermal cycler (Bio-Rad Laboratories). For total RNA samples col-
lected to determine dominant virus prevalence, we followed the
same RT-PCR steps apart from the amount of RNA solution used
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Fig. 1. A, Map of field sites in Riverside County and surrounding areas in southern California, constructed using the ggmap package in R (Kahle
and Wickham 2013). B, Cucurbita foetidissima Kunth (buffalo gourd, Cucurbitaceae); C, Datura wrightii Regel (sacred thorn-apple, Solanaceae); and

D, C. palmata S. Watson (coyote melon, Cucurbitaceae).
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in each reaction (approximately 0.5 to 10 pl from each RNA so-
Iution, depending on concentration). We then placed the solution
on ice and performed reverse transcription. For Sanger sequenc-
ing of PCR products, amplicons were purified using a Zymoclean
Gel DNA recovery kit (Zymo Research). Sanger sequencing was
performed by Retrogen.

Analysis of virus communities by site and host species. To
determine likely drivers for the assembly of virus communities and
identify key differences between regions, we calculated species
richness and diversity metrics for viruses and hosts and then
performed permutational multivariate analysis of variance (PER-
MANOVA), indicator species analysis (ISA), redundancy analyses
(RDA), and distance-based Moran’s Eigenvector Maps (dbMEM).
PERMANOVA is a nonparametric multivariate analysis of variance
commonly used to test the association of species composition with
variables of interest. ISA uses the relative abundance of a given or-
ganism and its frequency of occurrence to estimate the degree of as-
sociation with particular groups, as well as the probability of finding
this organism in association with a given group (Severns and Sykes
2020). RDA is a type of constrained ordination analysis (similar
to principal component analysis) that models linear relationships
among nonnumerical predictors (e.g., host or site) and response
variables (Capblancq and Forester 2021). dbMEM is a method for
analysis of spatially explicit multivariate data and is used to ex-
plore geographic (spatial) influence on species assemblages (in this
case, virus communities in target host species and sites; Legendre
and Gauthier 2014). For all of these analyses, we removed plant
individuals in which only previously uncharacterized (potentially
novel) viruses were detected (Shipley-Skinner DW1, DW4, CF1B;
Motte Rimrock CP4, CF1A) because our analyses focused on previ-
ously characterized virus species and many of these analyses do not
tolerate zero values. Additionally, six undescribed viruses (<70%
nucleotide identity match to a known virus species) found across all
samples were removed from the virus community data because their
identities could not be confirmed and full characterization of these
potentially novel species was beyond the scope of this study. Alpha
diversity was calculated as species richness (number of species per
site) and species evenness was calculated as Pilou’s J for both plant
species and site factors. We chose Sorenson’s dissimilarity metric
for beta diversity calculations because the virus species data are
presence—absence data, and this metric is more robust to extreme
differences between and among communities. We calculated beta
diversity using the vegan and ade4 packages using R (R Core Team
2021) and RStudio (RStudio Team 2020). Gamma diversity is sim-
ply the total number of virus species found across all the hosts.

To test for differences in community composition, we used a
PERMANOVA test that employs distance matrices (R package
PERMANOVA; Vicente-Gonzalez and Vicente-Villardon 2021).
This procedure tests for similarities among objects within and
across groups in the context of environmental variables. The over-
all PERMANOVA tests for location effects of differences among
communities in vector space. We also evaluated pairwise differ-
ences between groups. We used the R packages ade4, vegan, and
devtools (pairwiseAdonis; Oksanen et al. 2017; Thioulouse et al.
2018; Wickham et al. 2022). To determine differences among virus
communities by reserve and plant host species, we used indica-
tor species analysis (ISA; R package indicspecies; De Caceres and
Legendre 2009; Severns and Sykes 2020). This analysis computes
a P value using permutation and gives an ISA value of zero to one.
One is the strongest indicator value and indicates a species that is
exclusive to one group, occurs in all of the samples taken from that
group, and has high relative abundance within that group (Severns
and Sykes 2020). In contrast, a value of zero indicates a species that
is rare or nearly uniform in distribution across groups. We then used

dbMEM to calculate distance-based Moran’s eigenvector maps to
explore whether geographic distance between communities con-
tributes to differences in community composition. To do this, we
first plotted spatial correlograms to find evidence for spatial corre-
lations based on diversity (R package vegan). Next, we calculated
Euclidean distances among plots, constructed dbMEM eigenfunc-
tions, and used an RDA for the forward selection process to isolate
the positive and significant spatial variables (R package adespatial,
Dray 2019).

Prevalence and retention of dominant viruses. HTS and in-
dicator species analyses revealed that two virus species typically
associated with crops dominated plant communities: cucurbit
aphid-borne yellows virus (CABYV), which was present at all sites,
and cucurbit yellow stunting disorder virus (CYSDV), which was
present at two sites and dominant at one site. These two species were
selected as targets of RT-PCR in additional tissue samples to esti-
mate prevalence. We calculated the proportion of detections for each
year, at each reserve, for each virus x host species combination. To
explore differences in virus retention by host species across time, the
proportion of positive detections per plant species was compared
between distinct plants sampled in 2019 and resampled in 2020
using a two-tailed Z-test of two proportions calculated in Excel.

CABYY isolation and Cucurbita spp. culture. To determine
the impact of CABYV on the two cucurbit species, we isolated
the virus, collected seeds from hosts without regard to infec-
tion status, and carried out controlled inoculation experiments un-
der greenhouse conditions. CABYV is not seed-transmitted or
mechanically transmissible, so inoculations were performed with
the vector Aphis gossypii. The A. gossypii colonies used origi-
nated from a collection from cultivated squash about a decade
ago near Reedley, CA and were maintained on melon plants (Cu-
cumis melo ‘Iroquois’). We isolated CABYV in summer 2019
from wild-growing C. palmata plants at Motte Rimrock Re-
serve (https://ucnrs.org/reserves/motte-rimrock-reserve/) through
aphid transmission and maintained the isolate in cultivated squash
(C. pepo ‘Dixie’) through subsequent transmission by A. gossypii.
Both aphid and CABY'V cultures were maintained at 25 £ 2°C in
mesh cages with supplemental lighting with a photoperiod of 16 h
of light and 8 h of darkness (16L/8D).

C. foetidissima and C. palmata seeds used in experiments origi-
nated from four individuals (two of each species) growing wild at
Motte Rimrock Reserve in Riverside County, California. C. pal-
mata seeds were soaked in water and C. foetidissima seeds in aer-
ated water, both for 72 h at room temperature. After pretreatments,
seeds were placed in Petri dishes with damp filter paper for 48 h,
planted in 5.08 x 5.08 x 5.08 cm pots, and maintained on a 16L/8D
photoperiod and at a temperature of 25 to 28°C. Approximately 2
weeks postgermination, seedlings were moved to a temperature-
controlled walk-in growth chamber kept at 23 + 1°C, 60 + 5% RH,
and a 16L/8D photoperiod. To generate CABY V-infected and sham-
inoculated treatments for the greenhouse experiment, 20 aphids
from a clean aphid culture (sham inoculation) or 20 aphids from
a CABYYV culture (inoculation) were placed on each plant. We al-
lowed aphids to feed for 72 h and then eliminated them by treating
plants with Dinotefuran (Venom insecticide from Keystone Pest
Solutions) at the label rate for cucurbits (from the label: 5 oz/acre
delivered in 20 gallons of fluid, adjusted for soil delivery of 10 ml of
fluid per pot). Two weeks later, plants were repotted into 6 x 5.75-in.
large round pots and arranged in a greenhouse for the rest of the ex-
periment. Every other row of plants was a different treatment group
containing a mixture of C. palmata and C. foetidissima. Plants were
watered daily and sprayed twice with miticide (Spear-T) and fungi-
cide (Draconil), both provided by the Agricultural Operations facil-
ity at University of California, Riverside. In total, the experiment in-
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cluded 109 plants: 35 CABY V-inoculated and 26 sham-inoculated
C. foetidissima, and 26 CABY V-inoculated and 22 sham-inoculated
C. palmata.

Impact of CABYV on plant performance metrics. We
recorded the number of leaves on each plant every 2 weeks, from
2 to 8 weeks postinoculation (WPI). To quantify symptom expres-
sion and severity, we scored each fully expanded leaf with a foliar
disease scale developed by (Takeshita et al. 2013), and subsequently
refined for use in our laboratory (Kenney et al. 2020). Leaf ratings
were combined to calculate whole-plant symptom severity with the
formula D = [(di)/n/4], where D is symptom severity, di is the symp-
tom rating, n is the total number of leaves, and 4 represents the 4
levels of the rating. For mottling and yellowing symptoms, we used
the following scale: 1 = slight mottling (tiny light spots visible), 2
= 10 to 20% leaf area yellow (but bigger, distinctly yellow spots,
rather than tiny light spots), 3 = 21 to 50% leaf area yellow, 4 =
>50% leaf area yellow. For leaf distortion, we used this scale: 1 =
slight distortion (leaf shape is irregular, or surface slightly bumpy),
2 = 10 to 20% leaf area is curled, has large bumps, or is twisted,
3 =21 to 50% leaf area is curled, has large bumps, or is twisted,
4 = >50% is curled, twisted, and/or not typically “leaf-shaped.”
At 8 WPI, we collected leaf punches from sham-inoculated and
virus-inoculated individuals and stored them at —80°C before RNA
extraction and virus detection with RT-PCR to confirm infections.
Aboveground (foliar) tissue was weighed after drying for 72 h. Be-
lowground (root) tissue was gently washed to clean as much soil
as possible while retaining fine root tissue attached to the main tap
root, and then dried for 72 h and weighed.

For data collected at the conclusion of the experiment (root and
shoot masses), we used the Wilcoxon rank sum test for nonpara-
metric data to compare CABYV and sham-inoculated treatments
within each host species. For metrics repeated throughout the ex-
periment, we used a repeated-measures generalized linear mixed
effects model with the symptom or metric measured as a response,
treatment x weeks postinoculation as a factor, and plant individ-
ual as the repeated factor, using a Poisson distribution with Log
specified as the link function in the model. We used the R library
Ime4 (Bates et al. 2015) to run the model and used the R library
car (Fox and Weisberg 2019) to test the model for significance with
an analysis of deviance table. Post hoc tests were performed with
the R package emmeans (Lenth 2016) with a false discovery rate
P value adjustment. Plots were created using the R packages ggplot2
(Wickham 2016) and ggpubr (Kassambara 2020).

Phylogenetic analysis of CABY'V sequences from wild plants.
To detect recombination and for our main phylogenetic analyses, we
selected GenBank accessions for which both coat protein (CP) and
RNA-dependent RNA polymerase (RdRp) sequences were avail-
able. CP and RdRp sequences from California sampling efforts
were extracted from HTS data (GenBank accessions 0Q833203
to 0Q833236). We created a dataset that consisted of 77 concate-
nated RdRp and CP sequences (open reading frame [ORF] 1 to
2 and 3; detailed in Supplementary Table S5). Sequences for out-
group taxa included melon aphid-borne yellows virus (MABYV),
pepo aphid-borne yellows virus (PABY V), and suakwa aphid-borne
yellows virus (SABY'V; Supplementary Table S5). The original ac-
cessions submitted as MABYV in 2009 (EU091150, EU091151,
and EU091149; Xiang et al. 2008) were mislabeled as CABYV
in GenBank. In Supplementary Table S5 under the “true identity”
column we designated these sequences as MABY'V. To detect re-
combination, we used the program RDP version 5.34 (Martin et al.
2021). First, we performed a pairwise homoplasy index (PHI) test
for overall evidence of recombination. This test gave strong evi-
dence of recombination (P < 0.000001). Therefore, we followed
this with a full exploratory recombination scan using nine methods

(RDP, GENECONYV, BootScan, MaxChi, Chimaera, SiScan, Phyl-
Pro, LARD, and 3Seq) and a Bonferroni-corrected P value cutoff
of 0.01. To be conservative and avoid false detection of recombi-
nation, only signals with a minimum of 5 out of 9 supportive tests
were included in the results (Rabadan et al. 2021). We excluded
false positive signals of recombination events that could have been
caused by processes other than recombination. After detecting re-
combination events, we reran phylogenetic analyses (see below) to
account for the possible impact of recombinant regions, using an
edited version of the input alignment where regions of sequences
derived through recombination were removed by RDPS.

We then used phylogenetics to explore regional groupings
of sequences originating from our sampling of wild plants in
California. To supplement this analysis and provide more ge-
ographic resolution, we also acquired 209 CP sequences from
GenBank (Supplementary Table S5). We produced phylogenies
based on the concatenated dataset and on full CP sequences by
aligning nucleotide sequences using Qiagen CLC Main Workbench
(v. 20.0.4) and then using ModelFinder Plus (Kalyaanamoorthy
et al. 2017) to find the best evolutionary model for the data. All
datasets (concatenated, CP, and concatenated without recombinant
regions) were assigned the TIM2 + G + I model by the Bayesian
information criterion. We then generated maximum likelihood
(ML) phylogenies on the IQTree2 executable (Hoang et al. 2018)
with 1,000 ultrafast bootstrap replicates to assess statistical support.

RESULTS

Target wild hosts are infected with diverse crop-associated
viruses. Using HTS, we detected 12 virus species known to in-
fect crops across all sampled plant species at our three remnant
native plant community sites (reserves; Fig. 2), as well as at least
six previously uncharacterized viruses. The previously character-
ized viruses all have at least 90% nucleotide identity match to a
known virus species and are all insect-transmitted by sap-feeding
insects in the order Hemiptera, family Aphididae (aphids) or Aley-
rodidae (whiteflies), which are present on sampled plants in our
sites (Supplementary Table S6). The uncharacterized viruses were
not considered in subsequent analyses, because each of these poten-
tially novel viruses requires further studies that are beyond the scope
of the present work. Out of 37 sampled plants, most were infected
with one to three previously characterized virus species; one plant
was infected with four (Fig. 3). Five samples were removed before
species richness analysis (Fig. 3) because no previously character-
ized viruses were detected. We did not detect significant differences
in beta diversity values based on reserve or host species (Table 1;
ANOVA, P values 0.95 and 0.08 by reserve and species, respec-
tively).

Virus communities in wild plants are shaped by spatial dis-
tributions and host species. We used PERMANOVA to test virus
community differences by reserve, plant species, and the interaction
of reserve with plant species. This analysis was followed by a pair-
wise PERMANOVA for each site or species pair. The overall PER-
MANOVA and model fit were significant, but pairwise tests showed
that some reserve and host virus communities are more similar than
others. Motte Rimrock and Shipley-Skinner reserve virus commu-
nities did not differ from each other, but both differed from the virus
community at Anza-Borrego State Park (Table 2). The virus com-
munities of Cucurbita spp. were more similar to each other than
to the Datura virus community (Table 2). The PERMANOVA sug-
gests that both geography and host species are important determi-
nants of virus community composition. This finding is supported by
a dbMEM analysis testing whether distance between communities
(latitude, longitude) is correlated with community-level differences.
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From this analysis, we found one positive spatial correlation and
evidence for one spatial variable—“1MEM” (Supplementary Fig.
S2). An RDA forward selection model with an adjusted R? value
revealed that 20% of the variation in the virus communities is ex-
plained by this spatial variable.

The indicator species analysis suggests that there are four virus
species differentiating reserves and three virus species differentiat-
ing host species (Table 3). Cucurbit yellow stunting disorder virus
(CYSDV, genus Crinivirus, family Closteroviridae) is an indicator
species for Anza-Borrego, papaya ringspot virus (PRSV, genus Po-
tyvirus, family Potyviridae) is an indicator species for Motte Rim-
rock, and tomato chlorosis virus (ToCV, genus Crinivirus, family
Closteroviridae) is an indicator species for Shipley-Skinner. Cucur-
bit aphid-borne yellows virus (CABYYV, genus Polerovirus, family
Solemoviridae), the most prevalent virus, is an indicator for both
Motte and Shipley. At the host species level, CYSDV was identi-
fied as an indicator species for C. palmata and ToCV and tomato
necrotic dwarf virus (ToNDV, genus Torradovirus, family Secoviri-
dae) as indicator species for D. wrightii.
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CABYYV is highly prevalent in cucurbit hosts across all three
sites. Diversity metrics and indicator species analyses identified
CABYYV and, to a lesser extent, CYSDV as key virus species in
target host populations. CABYV was present across multiple host
species at three sites (detected in 22 of 37 HTS samples) and was an
indicator species for both the Motte Rimrock and Shipley-Skinner
locations. CYSDV was the second most frequently detected virus
(15 of 37 HTS samples) and was identified as an indicator species
for the Anza-Borrego site and C. palmata hosts. Targeted screening
of more individuals from each population therefore focused on these
two virus species. In 2018 to 2020, we detected CABY'V at all field
sites surveyed (Fig. 4; Supplementary Table S8) with infection rates
ranging from 10 to 88%. In 2019 and 2020, we detected CYSDV
in 25 to 40% of plant samples from Anza-Borrego. CYSDV was
detected in 8% of C. palmata plants, with co-occurring infections
of CABYYV in 2019 from Motte Rimrock. In 2020, 2 and 3% of
C. foetidissima and C. palmata plants, respectively, had CABY V-
CYSDV dual infections detected, and the single D. wrightii plant
sampled was the only plant with a single CYSDV infection. CYSDV

SMLCV . ToNDV
SqUYV WMV
ToCV . ZYMV

C Shipley-Skinner

Number of plants sampled

T T T T

CF CP DW CF
Plant species

cp DW CF DW
Plant species

T T T

Plant species

Fig. 2. Crop associated viruses detected in sampled plants of each species through high-throughput sequencing (y diversity). Virus acronyms cor-
respond to the following species: AMV = alfalfa mosaic virus (genus Alfamovirus, family Bromoviridae), BWYV = beet western yellows virus (genus
Polerovirus, family Solemoviridae), CABYV = cucurbit aphid-borne yellows virus (genus Polerovirus, family Solemoviridae), CMV = cucumber mosaic
virus (genus Cucumovirus, family Bromoviridae), CYSDV = cucurbit yellow stunting disorder virus (genus Crinivirus, family Closteroviridae), PRSV =
papaya ringspot virus (genus Potyvirus, family Potyviridae), SMLCV = squash mild leaf curl virus (genus Begomovirus, family Geminiviridae),
SqVYV = squash vein yellowing virus (genus Ipomovirus, family Potyviridae), ToCV = tomato chlorosis virus (genus Crinivirus, family Closteroviridae),
ToNDV = tomato necrotic dwarf virus (genus Torradovirus, family Secoviridae), WMV = watermelon mosaic virus (genus Potyvirus, family Potyviri-
dae), ZYMV = zucchini yellow mosaic virus (genus Potyvirus, family Potyviridae). A, Anza-Borrego; B, Motte Rimrock; and C, Shipley-Skinner. Plant
codes are CP = Cucurbita palmata, CF = C. foetidissima, and DW = Datura wrightii. C. palmata was not sampled from Shipley-Skinner because it

did not occur at this site.
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was not detected at the Shipley-Skinner reserve (Fig. 4; Supplemen-
tary Table S8). At Anza-Borrego, multiple infections with CABYV
and CYSDV were more common than single infections for both
cucurbit species, but not for D. wrightii. At Motte Rimrock, where
both viruses were present, CYSDV was found only in individu-
als also infected with CABYV, which was highly prevalent. One
D. wrightii plant was sampled at Motte Rimrock in 2020, and it
tested positive for CYSDV. The distributions of infections by year,
plant species, and site are shown overlaid on reserve maps in the
Supplementary Material.

CABYY infections persist across seasons in perennial cucur-
bits. A subset of C. foetidissima and C. palmata individuals were
repeatedly sampled over multiple seasons to determine year-to-year
retention of the most prevalent virus (CABYV) at Motte Rimrock
Reserve (Fig. 5). In 2019, 69% (20 of 29) of sampled C. foetidis-
sima plants tested positive for CABYV; 90% (26 of 29) of these
same individuals tested positive when resampled in 2020, repre-
senting a marginally significant increase in prevalence across the
years (Z test: z score —1.94, P = 0.052). In parallel, 85% (22 of 26)
of sampled C. palmata plants tested positive for CABYV in 2019
and 92% (24 of 26 plants) in 2020 (between-year difference not
significant; z score —0.87 and P = 0.38). Overall, eight individuals
without detectable CABY'V in year one of sampling tested positive

TABLE 1
Virus beta diversity values based on Sorenson matrix by reserve
and by plant species

Type Factor Beta?
Reserve Anza-Borrego 0.45

Reserve Motte Rimrock 0.337
Reserve Shipley-Skinner 0.408
Plant species Cucurbita foetidissima 0.482
Plant species C. palmata 0.352
Plant species Datura wrightii 0.498

aBeta diversity is calculated on a normalized scale from 0 to 1. A
higher index indicates low levels of similarity for the indicated non-
numerical explanatory factor relative to the other factors of that

type.

Species richness

CP CF DwW
Plant species

in resampling years, while only two tested negative in subsequent
years after testing positive in year one.

To explore within-plant virus reservoirs, we also dug up dormant
root portions from one C. foetidissima plant that had tested CABY V-
positive via leaf sampling in 2018. Foliar tissue sprouted from the
roots in the greenhouse tested positive for CABY V. CYSDV preva-
lence was too low to facilitate a robust test of infection persistence
between years. However, one of the C. palmata plants that tested
positive for CYSDV in 2019 was also positive in 2020.

CABYYV infection reduces plant vigor. A summary of the
statistical analyses of greenhouse experiments is reported in the
Supplementary Material, Appendix II, and in Figure 6. CABYV
symptoms were apparent in the experimentally inoculated cucur-
bits as early as 2 weeks after inoculation. CABY V-related leaf
distortion progressed similarly in both host species and was evident
for C. palmata at 2 and 4 WPI and for C. foetidissima at 2, 4, and
8 WPI (Fig. 6A and B). In contrast, mottling (Fig. 6C and D) and
yellowing (Fig. 6E and F) were evident in C. palmata at all time
points but in C. foetidissima only at 2 WPI (mottling) and 8 WPI

TABLE 2
Overall permutational multivariate analysis of variance
(PERMANOVA) and pairwise PERMANOVA R? values
and P values?

Group Test R? P value
Reserve PERMANOVA 0.39 0.001
Plant species PERMANOVA 0.13 0.001
Reserve: plant PERMANOVA 0.13 0.001
Overall model Model fit 0.66 0.001
Anza versus Motte Pairwise 0.35 0.003
Anza versus Shipley Pairwise 0.28 0.003
Motte versus Shipley Pairwise 0.14 0.102
CP versus CF Pairwise 0.42 0.126
CP versus DW Pairwise 0.001 0.003
CF versus DW Pairwise 0.011 0.033

aSignificant and nonsignificant interactions are reported. CP: Cucur-
bita palmata; CF: C. foetidissima; and DW: Datura wrightii.

Species richness

Motte R;imrock Shipley:Skinner
Reserve

Anza-Borrego

Fig. 3. Viral species richness of each site visualized by plant host species and reserve. Plant codes are CP = Cucurbita palmata, CF = C. foetidissima,

and DW = Datura wrightii.
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Fig. 4. Number of host plants sampled in which cucurbit aphid-borne yellows virus (CABYV), cucurbit yellow stunting disorder virus (CYSDV), or
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(yellowing). CABYYV infection did not alter total leaf number for
either cucurbit (no statistically significant difference with control;
Fig. 6G and H). However, infection significantly reduced the
shoot mass of both cucurbit species by 20 to 30% (Fig. 7A), and
significantly reduced the root mass of C. foetidissima by 20%. We
also detected marginally significant reductions in root mass for
C. palmata (~15%; P = 0.059; Fig. 7B).

California CABYYV diversity is the product of multiple in-
troductions. Recombination analysis using RDP5 detected 15 re-
combination events, 11 of which were supported by at least 5 of 9
different detection methods (Supplementary Table S7). Sequences
from three California samples (MRCP6, MRCF3C, and SF2CF)
were unambiguously identified as recombinants, all originating
from both Californian parentals, and two of them (MRCP6 and
SF2CF) were at the same time minor parentals in other recombina-
tion events. The remaining 14 California sequences were identified
as nonrecombinants, along with 16 other sequences from different
geographic areas (collected from GenBank). Our phylogenetic anal-
ysis showed that 13 California sequences clustered with sequences
from Spain, France, and Pakistan, while four other sequences be-
longed to a clade with sequences from China, South Korea, Japan,

TABLE 3
Indicator species analysis (ISA) values and P values?

Type Group Virus species ISA value P value
Reserve Anza-Borrego CYSDV 0.913 0.001
Reserve Motte Rimrock PRSV 0.555 0.027
Reserve Shipley-Skinner  ToCV 0.555 0.048
Reserve Motte + Shipley  CABYV 0.812 0.013
Plant species Cucurbita palmata CYSDV 0.722 0.009
Plant species Datura wrightii ToCV 0.692 0.002
Plant species D. wrightii ToNDV 0.616 0.009

a0nly significant (« > 0.05) species are reported. Two separate anal-
yses were run: by reserve and by plant species. Both analyses are
reported in this table. ISA value is the indicator species analysis
value for each virus species in each group. It is the product of two
proportions: the mean relative abundance of species in each group
and the relative frequency of each species in each group. This
value is then multiplied by 100 to yield an indicator value. In the
table, type refers to the categorization of the group (geographic lo-
cation or host plant species). Cucurbit yellow stunting disorder virus
(CYSDV); papaya ringspot virus (PRSV); tomato chlorosis virus
(ToCV); cucurbit aphid-borne yellows virus (CABYV); and tomato
necrotic dwarf virus (ToONDV).

Fig. 5. A, Distribution of Motte Rim-
rock Reserve cucurbit plants tested
for cucurbit aphid-borne yellows virus
(CABYV) retention in 2019 and 2020.
B, Numbers of plants that were newly
positive (gain), negative 1 year after
testing positive (loss), never tested
positive (none), or remained positive
(retain) for each host species (CF =
Cucurbita foetidissima and CP =

C. palmata).

A Plants sampled
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Uzbekistan, the Philippines, and the United States. This tree also re-
veals much diversity within CABY'V, with a sequence from Taiwan
(of recombinant origin, based on recombination analysis) being sis-
ter to the CABY'V assemblage and sequences from Taiwan and East
Java forming another well-supported clade (Fig. 8). The phylogeny
based on CP (ORF3) was less resolved overall but still informa-
tive, given the much broader geographical coverage represented by
the coat protein sequences available. This analysis differentiated a
clade containing sequences from Europe, the Mediterranean, and
the Middle East from a second clade composed of sequences from
Asia. California sequences clustered with both clades (Supplemen-
tary Fig. S6).

Taken together, the phylogenetic analyses suggest that there were
at least two separate CABY'V introductions to California, one from
Europe and one from Asia. Both phylogenies provide support for
CABYYV sequences from Taiwan and India being distinct from
these two major regional groups. The phylogeny based on a dataset
without recombinant regions produced a similar topology overall
(Supplementary Fig. S7) with all the major groups recovered, in-
cluding the two major CABYV regional groups. Only a handful
of taxa (MABYV and newly identified recombinants, including
recombinants from California) are placed differently than in the
original phylogeny, indicating a minor impact of recombination on
phylogenetic inference.

DISCUSSION

To investigate how virus species typically found in crops influ-
ence wild plants, we examined three wild drought-tolerant perennial
species endemic to semiarid and arid habitats in California (semi-
arid grassland, sage scrub, and chaparral) that are encroached upon
by agriculture and development. Across three natural reserves, we
found that the target wild hosts (Cucurbita and Datura spp.) were
infected with a rich community of 12 virus species typically found
in crops. These virus communities varied with host species and
geographic location. Across all locations, however, the dominant
viruses were non-native crop pathogens originally introduced from
outside of the United States, particularly CABYV (first detected
in California in 1992) and, to a lesser extent, CYSDV (first de-
tected in California in 2006; Kuo et al. 2007). Dual infections with
both viruses were also identified, especially at Anza-Borrego Desert
State Park, which is closest to the southern desert agricultural areas
where CYSDV was first established in this region (Wintermantel
etal. 2017). CABYV was the most prevalent virus overall, infecting
up to 88% of sampled plants in some populations of wild hosts. Our
monitoring suggests that CABY'V infects the majority of plants in
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populations of the two cucurbit species, particularly the apparently
more susceptible C. palmata. Symptoms of CABY'V infection in
cucurbit hosts were readily apparent in both the field and laboratory.
Through a controlled inoculation experiment in the greenhouse, we
discovered that CABYV infections cause measurable pathology in
young plants, including reductions in shoot and root biomass. Our
results demonstrate that viruses typically found in crops are preva-
lent in populations of long-lived, drought-tolerant perennials and
that the most dominant virus significantly alters plant traits impor-
tant for survival under challenging abiotic conditions.

Virus community composition. From a plant conservation per-
spective, it is highly concerning that half of the virus species de-
tected in our focal native plants were not native to the United States
or the wild hosts’ native range, indicating relatively recent changes
in pathogen pressure on these natural populations. Among these
non-native viruses are two species that are efficiently transmitted by
A. gossypii, the main vector species that colonizes and reproduces
on cucurbit hosts in our sites: zucchini yellow mosaic virus (ZYMYV,
family Potyviridae, genus Potyvirus) and CABYV. ZYMV is non-
persistently transmitted by several aphid species and is thought to
originate in the Mediterranean (Lisa et al. 1981). Phylogeographic
evidence suggests that ZYMYV diversity in the United States is likely
a result of one introduction from Europe (Simmons et al. 2008).
The virus has been present in the Southwest since the early 1980s
(Nameth etal. 1983). ZYMYV was detected at only one site (Shipley-
Skinner Reserve). CABYV is persistently transmitted, mainly by
A. gossypii, but also to a lesser extent by Myzus persicae. This virus
was detected at all three sites, mostly in cucurbit hosts, but also in
D. wrightii (which can support M. persicae). CABYV is thought
to originate from the Mediterranean (Lecoq et al. 1992) and was
first found in the United States infecting numerous cucurbit crops
in the San Joaquin, Sacramento, and Salinas valleys of California
in 1992 (Lemaire et al. 1993). The widespread nature of the infec-
tions detected in 1992, spanning three geographic regions, suggests
that the virus may have already been well established in California
by this date, including in wild hosts. Through expanded sampling
and targeted diagnostics, we found that CABY'V is certainly well
established in the perennial wild cucurbits; CABYV was detected
in up to 88% of sampled wild plants in some locations.

One reason for the high prevalence of CABYV in the natural re-
serves may be that its main vector, A. gossypii, reproduces readily
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not only on crop plants but also on the two wild cucurbit hosts. We
observed A. gossypii populations reaching outbreak levels within
the wild plant community, often on plants with CABYV infection.
Since CABY'V is transmitted in a persistent, circulative manner by
A. gossypii, the large populations of vectors could create ample op-
portunities for within-community transmission. Transmission rates
may also be increased by the presence of yellowing symptoms fol-
lowing CABYYV infection, which we observed on wild cucurbit
hosts in both the field and the laboratory (Supplementary Fig. S8).
A study in cultivated cucurbits found that these symptoms are attrac-
tive to A. gossypii vectors (Carmo-Sousa et al. 2016). In the field,
aphids are also attracted to hosts exhibiting yellowing symptoms,
increasing the likelihood of vectors colonizing and reproducing on
infected hosts (Doring and Chittka 2007). If similar dynamics oc-
curs in the wild cucurbit populations, aphid preferences for infected
hosts could partially explain the very high prevalence of CABYV
observed at some sites.

CABYV-CYSDV dual infections. We documented high rates
of dual infections with CABYV and CYSDYV, a second non-native
virus. This virus also originates from the Mediterranean region
(Célix et al. 1996) and was first detected in the Rio Grande
Valley of the United States in 2000 (Kao et al. 2000) and in the
Low Desert region adjacent to the Anza Borrego site in 2006 (Kuo
et al. 2007; Wintermantel et al. 2017). Experimental transmissions
with CYSDV isolates from the Imperial Valley showed that it in-
fects several common noncrop species, including C. foetidissima
(Wintermantel et al. 2016). Fueled by the previous introduction and
establishment of the non-native whitefly Bemisia tabaci MEAM1
(Bellows et al. 1994; Johnson et al. 1982) and abundance of do-
mesticated cucurbit crop hosts, CYSDV rapidly established in the
region, with nearly 100% infection levels in fall melon crops in the
Imperial Valley becoming routine within a few years (Wintermantel
etal. 2017). Our data suggest that CYSDV has spilled over from the
Imperial Valley into wild cucurbit populations at least as far north
as the Motte Rimrock reserve. CABYV and CYSDV often infect
individual crop plants at the same time (Kassem et al. 2007), and
arecent report documented frequent CYSDV-CABY'V dual infec-
tions in plants of a wild cucurbit, Echballium elatarium, growing
adjacent to melon fields in Spain (Maachi et al. 2022). CABYV-
CYSDV dual infections appear to be common in wild cucurbits of
the southwestern United States as well. In fact, in some locations
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Fig. 7. End-point metrics of plant vigor for the controlled inoculation greenhouse experiment: A, mass of shoots; and B, mass of roots. x Indicates
significant differences relative to the mock treatment at the given time point (P < 0.05). CABYYV, cucurbit aphid-borne yellows virus; CF, Cucurbita

foetidissima; and CP, C. palmata.
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and hosts in our study, dual infections are more common than single
infections. At Anza-Borrego Desert State Park, 42% of CABY V-
infected C. foetidissima and 73% of CABY V-infected C. palmata
were also infected with CYSDV.

We speculate that CABYV may facilitate CYSDV invasion of
the chaparral ecoregion by influencing vector—host interactions.
In cultivated cucurbits, CYSDV symptoms are strongly attractive
to whitefly vectors (Chesnais et al. 2022; Kenney et al. 2020).
While we did not observe symptoms of CYSDV in wild cucurbits,
CABYYV does induce yellowing symptoms similar to those CYSDV
triggers in crops (Kassem et al. 2007; Wintermantel et al. 2017; Sup-
plementary Fig. S8). This may predispose CABY V-infected hosts
to infections with CYSDV if immigrating whiteflies preferentially
choose these hosts (see Supplementary Table S6 for evidence of
whitefly immigration). For the same reason, CYSDV in dual in-
fections with CABYV might also be transmitted more readily than
CYSDV from single infections. Confirmation that these two non-

100

native viruses facilitate each other’s invasion of native plant com-
munities will require additional behavioral studies with vectors,
dual infection studies in the laboratory, and expanded field study.
CABYY effects on plant growth. CABYV reduces growth of
the two wild cucurbit hosts during their first year. Symptom onset
in wild hosts was rapid and occurred nearly as quickly as it does in
crop hosts. Overall symptom severity was higher for C. palmata,
but both hosts suffered reduced growth because of virus infection.
For C. foetidissima, this included significantly reduced growth of
the tap root, with marginally reduced tap root growth in C. palmata
as well. Both Cucurbita species grow during the summer when
little to no rainfall occurs in their sage scrub, chaparral, and grass-
land habitats. This is possible only because of the deep-reaching
tap root and associated lateral roots. Cucurbita plants with larger
root systems can maintain xylem pressure potential and photosyn-
thetic activity even when other herbaceous flowering plants and
grasses experience significant water stress (Knapp and Fahnestock
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Fig. 8. Maximum likelihood phylogeny based on a concatenated open reading frame (ORF)1-2 (RNA-dependent RNA polymerase) + coat protein
(CP; ORF3) dataset highlighting the major clades identified. Bootstrap values >70 are reported above branches. California sequences are in red.
Blue text indicates sequences previously identified in GenBank as cucurbit aphid-borne yellows virus (CABYV), but that are actually derived from
interspecific recombination between melon aphid-borne yellows virus (MABYV) and CABYV. Red stars denote recombinants other than MABYV and
R group sequences, which originated from recombination between CABYV and R group/MABYV genomes.

212 Phytobiomes Journal



1990). But Cucurbita plants with small root systems suffer from
water stress and must reduce stomatal conductance during midday,
sacrificing photosynthetic activity (Knapp and Fahnestock 1990).
Our data suggest that CABY'V infections in wild cucurbit hosts
are maintained across multiple seasons, which might result in cu-
mulative negative impacts on tap root size, photosynthesis, water
use efficiency, and overall fitness. Such multiyear fitness impacts
have been documented for infection of a native perennial grass
species (switchgrass, Panicum virgatum) with virus species typi-
cally found in cereal crops using controlled inoculations in field-
grown plants (Alexander et al. 2017). Similar field experiments
with controlled CABYV inoculations could illuminate multiyear
impacts of CABYV on wild Cucurbita hosts, rates of CABYV
spread within populations, and propensity to acquire dual infec-
tions over time relative to noninfected hosts in the same locations.

Possible origins of CABYYV infecting wild perennials. We
do not know when CABYV first infected California wild cucur-
bit populations. However, our phylogenetic analyses of concate-
nated RdRp + CP and CP sequences suggests that some California
CABYYV sequences recovered in this study and previously (Shates
et al. 2019) originated from Asia and some from Europe. Thus,
the exposure of wild cucurbits in California to CABYV is likely a
relatively new development in their ecological history and merits
further investigation. We also found that our California sequences
do not group with sequences of an isolate recovered from cultivated
pumpkin in Oklahoma, which is most closely related to CABYV
sequences from China in a prior analysis (Khanal et al. 2021), as
well as in our analyses. Unfortunately, there are currently no other
publicly available sequences of CABY'V from samples collected in
the United States. We therefore cannot determine if the CABYV in-
fecting target hosts is distinct from CABYV circulating in crops in
the southwestern United States. In a study of CABY'V infections in
melon fields in Spain, the authors report that a wild cucurbit com-
mon in edge habitats, E. elaterium, harbors variants of CABYV
that are distinct from those in immediately adjacent melon fields
(Maachi et al. 2022). The populations sampled for our study do
not directly abut melon fields, but rather inhabit remnant native
plant communities of various sizes and proximities to crops known
to support CABYV (Fig. 1). As discussed above, we also suspect
that there is substantial secondary spread within the wild cucurbit
populations, and that CABYV had been established in California
long before the first official detection (Lemaire et al. 1993). These
factors may favor the evolution of distinct variants endemic to the
chaparral ecoregion host populations, a possibility that could be
explored through expanded sequencing of CABYV samples from
crop habitats in the Southwest, as well as from herbarium specimens
of wild cucurbit hosts (Malmstrom et al. 2007).

Conclusions. Our study demonstrates that wild perennial plants
growing within a region of intensive agricultural production
(California) accumulate multiple infections by virus species typ-
ically found in crop habitats, particularly non-native pathogens
previously introduced to the region from other continents. Both
CABYYV and CYSDYV, the dominant pathogens in our natural sites,
likely originated outside of the United States and were introduced
into wild vegetation through human activities, where they have be-
come widely prevalent, especially in wild cucurbits. The potential
impact of these likely anthropogenic introductions on wild plant
ecology is of concern. CABY'V is retained by perennial wild cu-
curbits during dormancy periods and may negatively affect their
growth, as established in greenhouse studies. Of increased con-
cern is the suggestion that prior infection with either CABYV or
CYSDV may predispose individual plants to secondary virus in-
fections, perhaps by altering host resistance and/or other host traits
that influence visitation by vector insects and subsequent virus ex-

posure rates (Mauck et al. 2018). The ecological implications of
both single and dual infections by crop-associated viruses in wild
perennial hosts are not well understood, but our findings suggest
this should be a focus of future studies on this and other systems.
The host species studied here are endemic to an ecoregion that is
currently experiencing prolonged drought conditions and record-
breaking temperature extremes, likely because of human-induced
climate change. Moving forward, it will be important to determine
to what degree infections by the non-native viruses documented
here will influence the long-term persistence of wild cucurbits in
their native habitats, as well as of the organisms that depend on
them for survival.
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