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Abstract 

The increase in human-mediated introduction of plant species to new regions has resulted in a rise of invasive exotic plant species 
(IEPS) that has had significant effects on biodiversity and ecosystem processes. One commonly accepted mechanism of invasions is 
that proposed by the enemy release hypothesis (ERH), which states that IEPS free from their native herbivores and natural enemies in 
new environments can outcompete indigenous species and become invasive. We here propose the virome release hypothesis (VRH) as 
a virus-centered variant of the conventional ERH that is only focused on enemies. The VRH predicts that vertically transmitted plant-
associated viruses (PAV, encompassing phytoviruses and mycoviruses) should be co-introduced during the dissemination of the IEPS, 
while horizontally transmitted PAV of IEPS should be left behind or should not be locally transmitted in the introduced area due to a 
maladaptation of local vectors. To document the VRH, virome richness and composition as well as PAV prevalence, co-infection, host 
range, and transmission modes were compared between indigenous plant species and an invasive grass, cane bluestem (Bothriochloa 
barbinodis), in both its introduced range (southern France) and one area of its native range (Sonoran Desert, Arizona, USA). Contrary 
to the VRH, we show that invasive populations of B. barbinodis in France were not associated with a lower PAV prevalence or richness 
than native populations of B. barbinodis from the USA. However, comparison of virome compositions and network analyses further 
revealed more diverse and complex plant–virus interactions in the French ecosystem, with a significant richness of mycoviruses. Setting 
mycoviruses apart, only one putatively vertically transmitted phytovirus (belonging to the Amalgaviridae family) and one putatively 
horizontally transmitted phytovirus (belonging to the Geminiviridae family) were identified from B. barbinodis plants in the introduced 
area. Collectively, these characteristics of the B. barbinodis-associated PAV community in southern France suggest that a virome release 
phase may have immediately followed the introduction of B. barbinodis to France in the 1960s or 1970s, and that, since then, the invasive 
populations of this IEPS have already transitioned out of this virome release phase, and have started interacting with several local 
mycoviruses and a few local plant viruses.
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Introduction
Over recent decades, anthropogenic activities, ranging from unin-
tentional plant transfers via global trade to purposeful plant 

introductions for agriculture or ornamental reasons, have facil-

itated the spread of invasive exotic plant species (IEPS) (Hulme 

2009; Seebens et al. 2017), leading to a marked increase in their 
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2 Virus Evolution

distributions and abundances (Pyšek et al. 2020). IEPS pose severe 
threats to global biodiversity and ecosystem stability (Pyšek and 
Richardson 2010; Vilà et al. 2010; Hood-Nowotny et al. 2023) 
by competing with native species (Gaertner et al. 2009) in ways 
that disturb ecosystem processes and functionalities (Bartz and 
Kowarik 2019; Rai and Singh 2020).

Among the most commonly cited explanations for the global 
success of IEPS is the enemy release hypothesis (ERH) (Mack et al. 
2000; Maron and Vilà 2001), which postulates that IEPS free from 
their native herbivores and natural enemies in new environments 
can outcompete indigenous species and become invasive (Keane 
and Crawley 2002). Specifically, the ERH predicts that in the intro-
duced range: (1) the specialist enemies of IEPS will rarely be 
present (even if a few enemies are able to survive on the inva-
sive propagules), (2) host switching of native species-associated 
specialist enemies will be infrequent, and (3) the generalist ene-
mies will have a greater impact on native plant species (Keane and 
Crawley 2002). However, evidence of absence of enemies in the 
introduced range does not necessarily mean that the ERH is sup-
ported. Two other conditions should be fulfilled, first that enemies 
are important regulators of IEPS fitness and second that IEPS can 
capitalize on reduced enemy pressure, resulting in increased com-
petitive ability and population growth (Brian and Catford 2023). In 
addition, the effect of the enemy release should be modulated by 
the biotic and abiotic contexts, including e.g. resource availability, 
phylogenetic relatedness of exotic and native species, or the time 
since introduction of an IEPS (Brian and Catford 2023).

Hence, enemy release is generally considered as a temporary 
advantage for the IEPS in the environment it is introduced to: an 
advantage that should fade as the IEPS colonizes the environment 
and becomes a target of local enemies (Flory, Clay, and Thrall 
2013; Siemann, Rogers, and Dewalt 2006; Mitchell et al. 2010; Li 
et al. 2022). While newly introduced plants are hypothesized to 
initially exhibit benefits under the ERH, they tend to gradually 
accumulate novel enemies over time periods ranging from 50 to 
200 years post-introduction (Hawkes 2007). Echoing this, Mitchell 
et al. (2010) showed that IEPS introduced 400 years ago supported 
six times more pathogen species than those introduced 40 years 
ago. Taken together, these studies suggest that the benefits to 
IEPS predicted by the ERH could be transient, diminishing over 
decades-long timeframes (Brian and Catford 2023).

Approximately 60 per cent of studies of vertebrate-,
invertebrate-, or plant-interactions with predators, parasites, her-
bivores, and pathogens found that invasive populations were 
less prone to fitness costs attributable to these enemies than 
native populations: an observation congruent with the founda-
tion of the ERH (Colautti et al. 2004). Many of these studies 
have, for example, reported that the richness of herbivorous 
insect communities is greater on native plants than on intro-
duced plants, as herbivorous insects tend to favor native species 
over introduced species (Liu and Stiling 2006; Meijer et al. 2016). 
Similarly, Mitchell and Power, (2003) estimated the richness of 
viruses and fungi that infected 473 plant species introduced from 
Europe to the USA. They found that relative to their native range, 
plants in their introduced range were on average infected by 
84 per cent fewer rust, smut, and powdery mildew fungi and 
24 per cent fewer viruses. Since these seminal studies, only a 
few others have examined virus communities in IEPS (Rua et al. 
2011). As a complement to the Mitchell and Power (2003) anal-
ysis, two metagenomics-based studies have explored differences 
in viral prevalence between exotic and indigenous plants. First, 
a study focusing on grass-infecting mastreviruses on Réunion 

Island in the South-West Indian Ocean reported that indigenous 
plant species tended to show higher viral prevalence than IEPS 
(Claverie et al. 2023). In contrast, a study using a spatial metage-
nomics approach revealed that IEPS in South Africa had a greater 
prevalence of PAV families than indigenous plants (Bernardo
et al. 2018).

In addition to IEPS benefitting from reduced herbivory after 
introduction, they are also likely to benefit from both an 
absence of harmful microorganisms and the presence of ben-
eficial microorganisms that could bolster their adaptive advan-
tages (Faillace, Lorusso, and Duffy 2017). For instance, many 
IEPS are introduced into new environments via seeds, which 
can harbor endophytes—organisms that live within plants with-
out causing apparent harm (Lehan et al. 2013). In many cases, 
these endophytes confer various benefits to their host plants, 
such as enhanced nutrient uptake, resistance to pathogens or 
predators, and increased tolerance to environmental stresses 
(Elsheikh et al. 2021; Geisen et al. 2021; Jeong et al. 2021; 
War et al. 2023). As IEPS grow in their new environments, the 
presence of such beneficial endophytes could further amplify 
the advantages predicted by the ERH, enhancing the chances 
of IEPS survival, spread, and establishment in the introduced
range.

The vast majority of described viruses have consequences 
on their host fitness ranging from negligible to strongly dele-
terious, so that losing viruses would on average mechanically 
involve a fitness gain. However, recently, it has been proposed 
that some viruses could be beneficial to their host (Roossinck 
and Schultz-Cherry 2015a). These mutualist interactions could 
be mainly expected among viruses that have a long history of 
association with their host plant, and thus most likely among 
plant viruses that are vertically transmitted (Roossinck 2011). 
Few studies have characterized the diversity and abundance of 
vertically transmitted plant viruses in natural settings and evi-
dence of mutualistic plant viruses has been sparse (Roossinck 
2015b). Yet, the possibility that some viruses could be benefi-
cial to their host has to be accounted for to infer the possible 
consequences of virus loss on IEPS fitness. We therefore pro-
pose the virome release hypothesis (VRH) as a virus-centered 
hypothesis inspired from the original ERH. The VRH predicts that 
(1) horizontally transmitted viruses that associated with IEPS in 
their native geographical range would often be left behind dur-
ing the introduction process or could not be locally transmitted 
in the introduced range due to maladaptation of local vectors 
and (2) vertically transmitted PAV would be co-introduced dur-
ing the dissemination of the IEPS. While about 25 per cent of all 
known PAV can potentially be vertically transmitted through seeds 
(Gutiérrez-Sánchez et al. 2023), the vast majority of PAV are hor-
izontally transmitted, meaning that a measurable prediction of 
the VRH is that IEPS should have a reduced virome richness in the
introduced range.

Here, we tested the VRH focusing on the cane bluestem 
(Bothriochloa barbinodis (Lag.) Herter, Poaceae), a perennial warm-
season C4-grass species native to the Americas, which ranges 
from Bolivia and Argentina to the southwestern USA (Vega 2000). 
Accidentally introduced to France via the wool trade between 
1964 and 1976, this species first became established in fal-
low lands around the French Mediterranean coast and subse-
quently spread throughout France along road and rail routes (Fried 
2017). Specifically, we compared virome richness and compo-
sition as well as PAV prevalence, co-infection, host range, and 
transmission modes between indigenous grass species and B. 
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barbinodis sampled from both one area of the native range of 
B. barbinodis in the USA (Arizona) and its introduced range in
southern France.

We found that, contrary to the VRH, invasive populations of 
B. barbinodis in France were not associated with a lower viral 
prevalence or richness than native populations of B. barbinodis
from the USA. However, while B. barbinodis had one of the high-
est viral richness in the native area compared to other native 
grasses, it had one of the lowest in the invaded area. Addition-
ally, comparison of virome compositions and network analyses 
further revealed significantly higher richness and more frequent 
horizontal transmission of mycoviruses in France than in the 
Arizona desert. Setting these mycoviruses apart, only two PAV 
infected B. barbinodis in France, including one putatively ver-
tically transmitted PAV (belonging to the Amalgaviridae family) 
and one putatively horizontally transmitted PAV (belonging to 
the Geminiviridae family). Collectively, these characteristics of the 
B. barbinodis-associated PAV community in southern France sug-
gest that a virome release phase may have immediately followed 
the introduction of B. barbinodis to France in the 1960s or 1970s, 
and that, since then, the invasive populations of this IEPS have 
already transitioned out of this virome release phase, and have 
started interacting with several local mycoviruses and a few local
plant viruses.

Materials and methods
Bothriochloa barbinodis invasion of France and 
field surveys
Bothriochloa barbinodis has been classified as invasive by both 
the National Botanic Conservatories of Méditerranée and Midi-
Pyrénées which are in charge of the surveillance of southern 
France (Cottaz et al. 2021). B. barbinodis, which was initially 
restricted to the Lower Languedoc region of France for about 
40 years, has now invaded two-thirds of the country (Supplemen-
tary Figure S1A). Two sampling surveys were conducted in France 
(B. barbinodis introduced area) in July 2018 and the USA (B. barbi-
nodis native area) in October 2021. A total of 521 plant samples, 
including both indigenous grass species and B. barbinodis, were col-
lected from 14 sites: 320 samples from eight sites (sites 1 to 8) in 
southern France and 201 samples from six sites (sites 9 to 14) in 
Arizona, USA (Table 1, Supplementary Figure S1 and Supplemen-
tary Table S1). While the sampling sites in Arizona were located in 
natural areas of the Sonoran Desert, the sampling sites in France 
were fallow lands at the edges of cropping areas. Four and nine 
indigenous perennial grass species were, respectively, collected 
in France (Brachypodium phoenicoides (L.) Roem. & Schult., Cyn-
odon dactylon (L.) Pers., Dactylis glomerata L. and Elytrigia campestris
(Godr & Gren.) Kerguélen) and Arizona (Aristida purpurea Nutt., 
Bouteloua aristidoides (Kunth) Griseb., Bouteloua curtipendula (Michx.) 
Torr., Bouteloua hirsuta Lag., Cynodon dactylon, Heteropogon contor-
tus (L.) P. Beauv., Hilaria belangeri (Steud.) Nash, Panicum hirticaule
J. Presl and Sorghum halepense Pers.). A total of 10 B. barbinodis indi-
viduals and 10 individuals from three indigenous perennial grass 
species were collected without regard to symptoms from each site 
in France, resulting in a total of 40 samples per site. In Arizona, 
8 to 11 individuals of B. barbinodis and 5 to 10 individuals of two 
to three indigenous perennial grass species were collected with-
out regard to symptoms from each site (Supplementary Table S1). 
All samples were immediately refrigerated at 4∘C in the field and 
transported with 4∘C refrigeration to laboratories in either Phoenix 
(in the USA) or Montpellier (in France). The French samples were 
further kept at −80∘C before being processed. The USA samples 

were dried at 50∘C for 48 h and sent to Montpellier for further
processing. 

Virion-associated nucleic-acid-based viral 
metagenomics
The 521 collected plant samples were individually processed using 
the virion-associated nucleic acid (VANA)-based metagenomics 
approach (François et al. 2018). This approach is useful for inven-
torying plant viromes, as it enables the detection of both DNA 
and RNA viruses from plant samples that have been preserved 
for storage using either freezing or dehydration (Moubset et al. 
2022; Schönegger et al. 2023). The VANA approach is based 
on a primer tagging strategy using 24 nt long multiplex identi-
fier (MID) that enables the tracing of each sequencing read in 
pooled samples back to the georeferenced plant sample from 
which it came (Roossinck et al. 2010). One to three negative 
controls and one positive control were used in each of the five 
libraries, each containing 96 samples from the sequencing run 
that included the French dataset, resulting in a total of 15 controls. 
The positive control was an alfalfa (Medicago sativa L.) plant main-
tained at Cirad (Montpellier) co-infected by alfalfa mosaic virus 
(Alfamovirus genus, Bromoviridae family) and bean leafroll virus 
(Luteovirus genus, Tombusviridae family). The negative control was 
an uninfected sugarcane seedling, obtained through strict quar-
antine procedures in our laboratory at Cirad (Montpellier). The 
second sequencing run, containing the American dataset, con-
sisted of four libraries with 96 samples each. This run included 
the same negative control used in the French dataset run and 
two positive controls, amounting to a total of 12 controls. The 
positive controls comprised one sugarcane sample co-infected 
by sugarcane streak Egypt virus (Mastrevirus genus, Geminiviri-
dae family) and sugarcane white streak virus (Mastrevirus genus, 
Geminiviridae family), and one sugarcane sample infected by sug-
arcane yellow leaf virus (Polerovirus genus, Solemoviridae family). 
In addition to the 521 samples from the current study and the 
27 control samples, 316 plant samples from other metagenomics 
projects conducted by the Montpellier research group comple-
mented the 9 libraries. Amplicons obtained following the VANA 
metagenomics process were sequenced by Azenta (Leipzig, Ger-
many) on an Illumina HiSeq 3000 sequencer (2 × 150 nt sequenc-
ing). As previously described by François et al. (2018), the short 
sequence reads obtained were cleaned and assembled into longer 
continuous sequences (contigs) using the SPAdes Genome Assem-
bler 3.6.2 (Bankevich et al. 2012). Taxonomic assignment of the 
cleaned Illumina reads and contigs was carried out using the 
BLASTx-equivalent algorithm implemented in DIAMOND v0.9.22 
(Buchfink, Xie, and Huson 2015) against the NCBI non-redundant 
(nr) protein database with an e-value threshold of <0.001. On the 
basis of the best hit returned by DIAMOND, related groups of virus-
like sequences (operational taxonomic units, OTUs) were assigned 
to known plant virus genera and to a tentative species. The 
cleaned reads have been deposited in the sequence read archive 
of GenBank (accession number PRJNA721112 for the French plant 
samples and accession number PRJNA1020112 for the American 
plant samples).

Setting nucleotide sequence length thresholds
The VANA Illumina approach produced sequences of variable 
lengths, sequences ≤126 nt (i.e. 150 nt long reads generated by Illu-
mina HiSeq less the 24 nt long multiplex identifier) generally being 
individual sequencing reads and sequences ≥126 nt being contigs 
assembled from two or more sequencing reads. A recent simula-
tion study of VANA-produced sequences revealed that the lengths 
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4 Virus Evolution

Table 1. Data summary of plant sampling surveys, yields of VANA Illumina reads, observed virus richness, observed virus prevalence, 
and transmission modes of plant associated viruses (PAV) including phytoviruses (PHY) and mycoviruses (MYC) infecting indigenous 
Poaceae and Bothriochloa barbinodis in both French and American ecosystems

 Total plant species  Indigenous poaceae a  Bothriochloa barbinodis

France USA France USA France USA

Number of sites 8 6 8 6 8 6
Number of plant 

species
5 10 4 9 1 1

Number of collected 
individuals

320 201 240 143 80 58

Number of good reads 71,106,616 82,327,473 53,861,735 62,921,097 17,244,881 19,406,376
Mean number of good 

reads per plant 
sample (SD)

222,208 (168,887) 409,589 (440,322) 224,424 (169,442) 440,008 (441,448) 215,561 (168,097) 334,593 (432,166)

Number of PAV reads 
(% of good reads)

4,987,513 (7%) 885,144 (1%) 4,181,524 (7.7%) 824,188 (1.3%) 805,989 (4.6%) 60,956 (0.3%)

Mean number of PAV 
reads per plant 
sample (SD)

15,586 (48,504) 4,404 (19,327) 17,423 (49,585) 5,764 (22,723) 10,075 (44,952) 1,051 (2,877)

Number of contigs 
assigned to viral 
OTUs

44,047 4,097 42,009 3,362 2,038 735

Mean sequence length 
of contigs assigned to 
viral OTUs (SD)

260 (152) 251 (693) 270 (157) 275 (820) 228 (130) 192 (71)

Mean number of con-
tigs assigned to 
viral OTUs per plant 
sample (SD)

138 (1,587) 20 (34) 175 (1,831) 24 (40) 26 (37) 13 (10)

Number of PAV species 
(%)

49 (100%) 26 (100%) 43 16 12 12

Number of PHY species 
(%)

29 (59.1%) 19 (73.0 %) 25 10 4 9

Number of MYC 
species (%)

20 (40.8%) 7 (26.9%) 18 6 8 3

% infected plants (PAV) 
(SD)

21.5 (4) 9.9 (6) 23.7 (5) 5.6 (8) 15 (10) 20.7 (11)

% infected plants (PHY) 
(SD)

8.8 (5) 7.9 (6) 10.4 (6) 4.1 (8) 3.7 (10) 17.2 (11)

% infected plants 
(MYC) (SD)

14.4 (5) 2.4 (6) 15 (5) 2 (8) 12.5 (10) 3.4 (12)

Number of vertically 
transmitted virus 
species

13 11 8 8 5 5

Number of horizontally 
transmitted virus 
species

26 15 23 8 3 7

aBothriochloa barbinodis was excluded from Indigenous Poaceae in the USA; (%) infected plants refers to the observed prevalence (the percentage of individuals 
within a specific population that are infected with at least one PAV, PHY, or MYC).
PS: For a better visualization of these data, check the Venn diagrams (Supplementary Figure S5) and the Igraph network (Fig. 3B).

of nucleotide sequences significantly influence the accuracy of 
taxonomic assignments. BLASTx exhibited species-level accuracy 
of 65.2 per cent, 54.8 per cent, 49.4 per cent, and 41 per cent for 
sequence lengths of 1,000 nt, 500 nt, 200 nt, and 100 nt, respec-
tively. For genus-level classifications of 1,000 nt, 500 nt, 200 nt, 

and 100 nt query sequences, the accuracies achieved were 99.4 per 

cent, 93.1 per cent, 90.6 per cent, and 86.7 per cent, respectively 

(Moubset et al. 2022). Taxonomic assignments were here carried 
out using DIAMOND searches, as mentioned above, at both the 
species and genus levels using sequence lengths of a minimum of 
500 nt, 200 nt, or 100 nt with six distinct datasets being generated: 
S1, S2, and S5 for species level classifications of 100, 200, and 500 
nt sequences and G1, G2, and G5 for genus level classifications of 
100, 200, and 500 nt sequences (Supplementary Material).

Setting a threshold on the minimum number of 
reads needed for a virus to be considered as 
present
Read analyses of the negative and positive controls of each dataset 
(S1, S2, S5, G1, G2, and G5) revealed the degrees of contamina-
tion between samples that are likely to have arisen from either 
true environmental contamination or sequencing artifacts (e.g. 
Illumina-based index hopping, see below). To account for this 
baseline contamination, we considered that for each of the six 
datasets, any operational taxonomic unit (OTU; i.e. either species 
or genus) with an associated read count that was lower than the 
highest read count of identified contaminant OTUs was consid-
ered as not actually being present within the sample. For species 
datasets (S1, S2, and S5), thresholds for positive detection were 
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O. Moubset et al.  5

determined using read counts of viral species, while for genus 
datasets (G1, G2, and G5), thresholds for positive detection were 
determined based on the read counts of viral genera (Supple-
mentary Material). In addition, any sequence with 100 per cent 
identity to the three viral isolates (sugarcane yellow leaf virus, 
sugarcane white streak virus, and sugarcane streak Egypt virus) 
infecting the positive controls of the American dataset as well 
as cacao swollen shoot Ghana Q virus (Badnavirus epsiloninflatheo-
bromae) originating from an ongoing cocoa tree project of the 
research group were systematically removed from all samples in
this study.

Lastly, we found virus sequences that were assigned to rice tun-
gro baciliform virus (Tungrovirus oryzae) both in B. barbinodis and 
in the indigenous plant species sampled in France (C. dactylon, 
B. phoenicoides, and D. glomerata). This phytovirus has been rec-
ognized as an endogenous viral element (EVE): a viral sequence 
integrated into host genomes and transmitted from one genera-
tion to the next as if it was a normal cellular gene. Its presence 
in the rice genome suggests a possible broader integration within 
several species of the Poaceae family (Kunii et al. 2004; Vassilieff 
et al. 2023). All reads that were assigned to rice tungro baciliform 
virus sequence were therefore disregarded during further analy-
ses. Similarly, reads assigned to two other potential EVEs assigned 
to the Solendovirus genus (Geering, Scharaschkin, and Teycheney 
2010), tobacco vein clearing virus (Solendovirus venanicotianae) and 
sweet potato vein clearing virus (Solendovirus venaipomeae), were 
also discarded.

Accounting for Illumina-based index hopping
During library preparation, a unique index sequence was assigned 
to each sequencing library, which enabled pooling and sequencing 
of multiple libraries simultaneously during a single sequencing 
run. There is a probability that an index from one library can 
end up associated with reads from another library during demul-
tiplexing reads. Consequently, those reads can be assigned to 
the incorrect library: a phenomenon commonly known as index 
hopping (Kircher, Sawyer, and Meyer 2012; Illumina 2017). Reads 
incorrectly attributed to a library due to index hopping are typi-
cally observed at significantly lower abundance compared to reads 
that are correctly assigned which can lead to incorrect interpre-
tation of results during downstream analyses. To address this 
issue, the counts of reads and contigs with the same taxonomic 
assignment, sharing the same long multiplex identifier (MID) 
and sharing 100 per cent nucleotide identity, were recovered and 
compared between libraries. In libraries with the lowest abun-
dance of these contigs/reads, the contigs/reads were considered 
as potentially resulting as a consequence of index hopping errors 
and were therefore disregarded in further downstream analyses 
(Supplementary Material).

Curation of NCBI nr protein database-based 
taxonomic assignments
As mentioned above, taxonomic assignments were achieved using 
the DIAMOND algorithm (Buchfink, Xie, and Huson 2015) imple-
mented against the NCBI non-redundant (nr) protein database 
with an e-value threshold of <0.001. It is noteworthy that the 
NCBI non-redundant (nr) protein database uses the ‘Taxonomy 
Browser Viruses - GenBank’ database, which contained, at the 
time of analysis, 8,076 viral species encompassing 236,892 viral 
taxa, each of which had a unique ‘Taxonomy ID’. Meanwhile, 
only 11,273 viral species are officially listed by the International 
Committee on Taxonomy of Viruses (ICTV) as per the latest April 

2023 version of the Virus Metadata Resource (VMR MSL378 v1;
https://ictv.global/vmr). Specifically, a total of 2,148 viral species 
are referenced as plant viruses in the VMR MSL378 list, including 
84 species with secondary hosts such as invertebrates or fungi. In 
addition, the ICTV has mandated a significant shift in virus species 
nomenclature, requiring the adoption of a standardized bino-
mial naming format (‘Genus + freeform epithet’), leading to an 
unprecedented overhaul in virus species naming across the field 
(Walker et al. 2021). Consequently, several different viral species 
listed in GenBank may actually belong to the same viral species 
according to the ICTV (Supplementary Material). To address this 
issue, we chose the ICTV list as the gold-standard reference list of 
virus species and corrected through a five-step process the taxo-
nomic assignments returned by the ‘Taxonomy Browser Viruses’ 
database (Supplementary Material):

1. For virus species with exactly matched species names in both 
ICTV and GenBank, no modifications were made, confirming 
the nomenclature accuracy of 6,837 viral species in Gen-
Bank, representing 40,427 distinct taxa within the GenBank
database.

2. GenBank’s delay in updating the names of viral species that 
have been modified in ICTV using the binomial system raised 
a significant challenge. A meticulous search was conducted 
to establish exact matches between GenBank viral species, 
which showed no correspondence in the first step, and the 
virus names from ICTV documented in the file ‘VMR MSL378 
v1’ under the ‘Virus name(s)’ column. This correction step 
enabled the updating of 130 viral ‘species’, representing 
132,033 distinct taxa within the GenBank database.

3. In GenBank, viral species are sometimes listed not under the 
‘Species’ column but under the ‘Tax_name’ column, which 
represents viral strains. We conducted a search for exact 
matches between ICTV viral species and the taxa names in 
the ‘Tax_name’ column. This step enabled us to add 1,323 
viral species, representing 8,160 distinct taxa within the 
GenBank database.

4. We also compared the former names of plant viruses from 
the ICTV under the ‘Virus name(s)’ column with the taxa 
names under the ‘Tax_name’ column of GenBank. This step 
allowed us to complement the list of viral species in Gen-
Bank with 1,786 additional viral species, representing 3,536 
taxa within the GenBank database.

5. To further identify plant viral species, a final correction step 
was implemented by matching the accession numbers pro-
vided in the ICTV VMR with their corresponding accession 
numbers supplied in ‘Taxonomy ID’ in GenBank. This final 
correction step enabled the updating of 99 plant viral Gen-
Bank species names (out of the 219 unmatched GenBank 
plant viral species names).

Overall, our five steps of curation led to the identification 
of sequences in GenBank for 2,028 species of plant viruses out 
of the 2,148 currently established and listed in the ICTV VMR 
(94.41 per cent) (Supplementary Table S2). This list of 2,028 
virus species names was used for scoring the presence of virus 
sequences. We obtained for each dataset (S1, S2, S5, G1, G2, 
and G5) a final incidence table inventorying the presence/absence 
of putative viruses identified in each plant sample. These six 
tables were used for all subsequent statistical quantitative
analysis.

The list of 2,028 virus species names was also used to retrieve 
additional information (metadata) on the detected viral species. 
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6 Virus Evolution

Firstly, host range was retrieved and catalogued as follows. We 
identified several taxa classified as plant viruses according to the 
ICTV/GenBank which are, however, suspected to be mycoviruses, 
commonly found in fungi and categorized as plant viruses due 
to their isolation from plant samples. Indeed, several virus fam-
ilies contain both plant and fungal virus members, including 
Metaviridae and Pseudoviridae with reverse-transcribing genomes; 
Chrysoviridae, Totiviridae, Reoviridae, and Partitiviridae with dsRNA 
genomes; Endornaviridae, Botourmiaviridae, and Mitoviridae with 
(+)ssRNA genomes; and Phenuiviridae with (-)ssRNA genomes 
(Andika et al. 2023). While it is extremely difficult to determine 
whether a novel virus belonging to these families might have 
been infecting a fungus or a plant, we arbitrarily decided to con-
sider viruses from these families to be mycoviruses. Note that, 
specifically in the case of alphapartitiviruses and alphaendor-
naviruses, phylogenetic analyses have shown that some lineages 
contain both plant and fungal viruses, suggesting that some 
plant viruses are more similar to fungal viruses than they are 
to other plant viruses, and vice versa (Andika et al. 2023). In 
addition, virus species assigned to the Amalgaviridae family were 
split into two groups: the members of the Amalgavirus genus 
that are only known to infect plant species were considered as 
plant viruses while the members of the Zybavirus genus that only 
infect fungi were considered as mycoviruses (Walker et al. 2019). 
Virus species were thus separated into two categories accord-
ing to the host range of their corresponding viral genus: ‘phy-
toviruses’ (PHY) for confirmed plant viruses, and ‘mycoviruses’ 
(MYC) for those with potential fungal origins (Supplementary 
Table S3). We refer to these phytoviruses and mycoviruses col-
lectively as plant-associated viruses (PAV). Finally, the putative 
mode(s) of transmission of each PAV identified in this study 
were inventoried according to current knowledge on the mode 
of transmission of members of each genus to which these PAV 
were taxonomically assigned (Supplementary Table S3). When 
a PAV was listed as being putatively both vertically and hori-
zontally transmitted (Supplementary Table S3), it was counted 
twice (once as vertically transmitted and once as horizontally
transmitted).

Prevalence and coinfection
General Linear Mixed Models (GLMM) were employed in R to com-
pare viral prevalence and co-infection rates among plant species 
and countries, effectively compensating for imbalances in sam-
pling between France and the USA (R Core Team, 2022). This 
approach accounted specifically for differences in the numbers of 
sites per continent, the number of indigenous plant species, and 
the number of samples per plant species. Viral prevalence, defined 
here as the proportion of samples of a given plant species con-
taining at least one PAV at each site, showed overdispersion when 
binomial regression models were used (with function glmer() in 
R package lme4). It was therefore treated using a quasibinomial 
regression model with function glmmPQL() in the R package MASS. 
Co-infection, defined here as the number of distinct virus taxa 
(species or genus; OTU) infecting each plant sample, was first 
modeled using a Poisson regression with function glmer() in R 
package lme4. Overdispersion was detected for all tested mod-
els, and thus we applied quasi Poisson distributions with func-
tion glmmPQL() in the R package MASS. As statistical power was 
insufficient to test a single global model with all independent 
variables, we decomposed the problem into four complementary
questions:

1. Do prevalence and coinfection of PAV OTUs (hereafter 
referred to as PAV) differ for B. barbinodis in its native 
and introduced ranges? The models included the country 
(i.e. France and Arizona) as a fixed effect and sampling 
site as a nested random effect, and were applied to the 
dataset containing only B. barbinodis samples (y ∼ Country, 
random=∼1|Site_name).

2. Do prevalence and coinfection of PAV differ between indige-
nous grass species in native and introduced ranges? The 
models included the country as a fixed effect and a random 
sampling site effect for each plant species and were applied 
on the dataset containing only indigenous plant samples 
(y ∼ Country, random=∼1|Site_name/Host_name). Note that 
B. barbinodis was included as an American indigenous plant 
species in this analysis. This comparison allowed the def-
inition of a baseline viral pressure (i.e. the degree of PAV 
prevalence in plants at a given point in time and space) on 
indigenous grass species between the two countries.

3. Do prevalence and coinfection of PAV differ between B. barbi-
nodis and indigenous plant species in its introduced range 
(France)? The models included the indigenous vs. exotic sta-
tus as a fixed effect, and sampling site as a random effect and 
were applied to the dataset containing only France—derived 
samples (y ∼ Bot_Ind, random=∼1 | Site_name).

4. Do prevalence and coinfection of PAV differ between B. 
barbinodis and other indigenous plant species (i.e. exclud-
ing B. barbinodis) in their native range? The models included 
B. barbinodis vs. other indigenous plants as a fixed effect, 
and sampling site as a random effect and were applied to 
the dataset containing only American samples (y ∼ Bot_Ind, 
random=∼1 | Site_name).

Viral richness
Viral richness, defined as the number of distinct viral species or 
genera, was estimated and compared between continents and 
plant species using diversity analyses implemented in the package 
iNEXT (Chao et al. 2014; Hsieh, Ma, and Chao 2016). First, the viral 
richness of indigenous plants was compared between the native 
and introduced ranges (i.e. excluding B. barbinodis from France). 
To do so, incidence data from the 201 plant samples from USA 
and the 240 indigenous plant samples from France were pooled 
by country, resulting in a matrix of two columns corresponding to 
each country × 77 viral species containing the numbers of samples 
positive for each virus in each column. To cope with differences 
in sampling effort, viral richness was estimated (with confidence 
intervals) after rarefaction at 200 plants for both samples. Second, 
viral richness was compared between plant species in the native 
and introduced ranges of B. barbinodis. For this, we first excluded all 
plant species with less than 20 samples, leaving four plant species 
in the USA and five plant species in France, including B. barbin-
odis in both countries (hence a matrix of 9 × 73). Incidence data 
were then used to produce size-based rarefaction and extrapola-
tion curves (along with confidence intervals of these) at 1, 10, 20, 
30, 40, 50, 80, and 100 individuals per plant species. As there is 
no easy way to produce P-values for viral richness comparisons, 
viral richness was considered significantly different between two 
samples of a given sample size if the confidence intervals of the 
rarefaction and extrapolation curves did not overlap.

Plant—virus association analysis
To further dissect the complex interactions between plant species 
and their associated viral taxa in native and introduced ranges, we 
used a network approach. Venn diagrams provided insights into 
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unique and shared viral species among B. barbinodis and indige-
nous plant communities within each country. Sankey diagrams 
were implemented, using package ‘networkD3’ in R (Allaire et al. 
2017), to explore the plant–virus associations at a species level. 
Each plant species was represented as a distinct node on the left 
side of the Sankey diagram. The width of each node was propor-
tional to the number of individual plants sampled. From each of 
these ‘plant species nodes’, flow lines extended outwards connect-
ing to various ‘virus OTU nodes’ based on observed interactions 
with the numbers of flow lines per plant species corresponding to 
the number of instances that a unique association between that 
plant species and a virus OTU was detected. Plant–virus networks 
were then constructed using igraph package in R (Csardi and 
Nepusz 2005) to highlight the distribution of viral taxa across host 
plant species and countries depending on viral characteristics 
such as host range and transmission mode.

Cloning and sequencing of the complete 
genomes of mastreviruses
To estimate the degree of OTUs overestimation caused by 
the incorrect assignment of contigs/singletons generated from 
unknown virus taxa, we decided to use the Mastrevirus genus 
(Geminiviridae family) as a model and we sequenced all mastre-
virus genomes present in the plant samples towards this end. 
Hence, DNA was extracted from plant samples for which OTUs 
were assigned to the Mastrevirus genus using the DNeasy Plant 
Mini Kit (Qiagen, Germany). Extracted DNA was used as a template 
for PCR amplification of the complete genomes of mastreviruses 
using pairs of abutting primers designed based on assembled 
reads from the metagenomics step (Supplementary Table S4). PCR 
amplification and cloning of amplicons were performed as previ-
ously described (Candresse et al. 2014). The cloned genomes were 
Sanger-sequenced using primer walking (Azenta, Germany). Full 
genomes of the mastrevirus isolates thus determined are publicly 
available in GenBank (accession numbers: OR596401-OR596405).

Genetic and phylogenetic analyses
The five mastrevirus genome nucleotide sequences determined in 
this study and representative genomes of the Mastrevirus genus 
were aligned using MUSCLE (Edgar 2004). Pairwise identity anal-
yses of complete mastrevirus genome nucleotide sequences were 
further carried out using SDT v1.2 (Muhire, Varsani, and Martin 
2014). A maximum likelihood phylogenetic tree was constructed 
using PhyML3 (Guindon et al. 2010) implemented in MEGA11 with 
the HKY + G + I nucleotide substitution model chosen as the best-
fit (Tamura, Stecher, and Kumar 2021). One hundred bootstrap 
replicates were used to test the support of branches.

Contigs from the USA and France grass samples that were 
assigned to the capsid gene of Vicia cryptic virus or the replication-
associated protein gene of Lolium latent virus were translated to 
protein sequences and aligned using MUSCLE with representative 
genomes of the Partitiviridae and Alphaflexiviridae families, respec-
tively. Contigs from the French grass samples that were assigned to 
the polyprotein gene of alphaendornaviruses were also translated 
to protein sequences and aligned with representative genomes of 
the Alphaendornavirus genus using MUSCLE. Neighbor joining phy-
logenetic trees were inferred from these protein alignments using 
MEGA11. One thousand bootstrap replicates were performed to 
quantify branch support.

Results and discussion
OTUs drawn from contigs overestimate actual 
plant-associated virus diversity
In this study, we aimed to compare viral OTU prevalence, richness, 
and composition of B. barbinodis and indigenous grass species from 
both the native area of B. barbinodis (Arizona, USA) and its intro-
duced area (southern France) using a VANA-based metagenomics 
approach (Moubset et al. 2022). Trimmed Illumina-reads obtained 
from plant samples were de novo assembled into non-redundant 
contigs that were further taxonomically assigned through DIA-
MOND searches against the NCBI non-redundant (nr) protein 
database. In total, 4,987,513 cleaned reads from plants sampled in 
France (representing 7 per cent of the total number of 71,106,616 
cleaned reads) were assembled into 44,047 contigs (contigs mean 
size = 260 nt, SD = 152 nt) that were further assigned to viral OTUs 
(Table 1). Similarly, 885,144 cleaned reads from plants sampled in 
the USA (representing 1 per cent of the total number of 82,327,473 
cleaned reads) were assembled into 4,097 contigs (contigs mean 
size = 251 nt, SD = 693 nt) that were further assigned to viral 
OTUs (Table 1). On average, 222,208 (SD = 168,887) and 409,589 
(SD = 440,321) cleaned viral reads were obtained per plant sample 
in France and in the USA, respectively, and 138 (SD = 1587) and 20 
(SD = 34) viral contigs were recovered per plant sample in France 
and in the USA, respectively (Table 1). Several previous studies 
have pointed out that using all non-redundant contigs for taxo-
nomic assignment tends to overestimate the total number of iden-
tified virus species, due to the incorrect assignment of contigs gen-
erated from unknown virus taxa (Aziz et al. 2015; García-López, 
Vázquez-Castellanos, and Moya 2015; Roux et al. 2017; McLeish 
et al. 2022). The present study is no exception, but in an attempt 
to address this issue, we aimed to estimate the degree of OTUs 
overestimation caused by the incorrect assignment of contigs/sin-
gletons generated from unknown virus taxa, using OTUs assigned 
to the Mastrevirus genus (Geminiviridae family) as a model. Fifteen 
contigs obtained from seven French individual plants from four 
plant species (B. barbinodis, C. dactylon, B. phoenicoides, and D. glom-
erata) collected from four sampling sites in France were assigned 
by DIAMOND searches to six mastreviral OTUs (Bromus catharticus 
striate mosaic virus, Chloris striate mosaic virus, Digitaria ciliaris striate 
mosaic virus, Dragonfly-associated mastrevirus, Sorghum arundinaceum 
associated virus, and Switchgrass mosaic-associated virus) when using 
dataset S2 (contigs >200 nt) (Supplementary Figure S2). Cloning 
and Sanger sequencing of the complete genomes of French mas-
treviruses yielded five apparently complete genome sequences 
(Supplementary Figure S3). Among these five genomes, two were 
determined from two plants of B. barbinodis and shared 78.6 per 
cent genome-wide identity against one another and should there-
fore be considered as belonging to the same species based on 
the ICTV Mastrevirus species demarcation threshold of 78 per cent 
genome-wide identity (Muhire et al. 2013) (Supplementary Figure 
S3). Both these B. barbinodis-derived mastrevirus genomes and two 
other sequences recovered from B. phoenicoides shared less than 
78 per cent genome-wide identity with all other known mastre-
viruses and against one another, and thus they collectively rep-
resent three tentative new species within the genus Mastrevirus. 
In addition, one genome from D. glomerata shares 91.6 per cent 
genome-wide identity with Sorghum arundinaceum associated virus, 
and should therefore be classified as belonging to the Mastrevirus
species Sorghum arundinaceum associated virus. Therefore, these 
analyses reveal that the six mastreviral OTUs would have more 
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8 Virus Evolution

accurately been classified into four Mastrevirus species (Supple-
mentary Figure S2), suggesting that DIAMOND-based assignation 
of non-redundant contigs may yield a 50 per cent overestimation 
of the total number of Mastrevirus species. This also indicates that 
the taxonomic assignments based on DIAMOND searches are to 
be considered with caution and we therefore systematically added 
the suffix ‘like’ to the ends of inferred species-level classifications. 
Nevertheless, if we assume that the unknown viral OTU identifi-
cation rate in wild plant species from unmanaged ecosystems is 
probably similar because these areas have been very poorly stud-
ied so far, we hypothesize that viral OTU overestimation should 
not be an issue for the purposes of the present study.

The richness and prevalence of plant-associated 
viruses in grasses from the Sonoran Desert 
(Arizona, USA) tend to be lower than in those 
from the Mediterranean (Southern France) setting
In this study, we first studied the metagenomics-based viromes of 
indigenous grasses growing in areas of the native and the intro-
duced ranges of B. barbinodis. Importantly, the Arizona population 
of B. barbinodis used here shall neither be taken as representative 
of the whole native range (which is very broad), nor considered 
as the source population of the French invasion. Assuming that B. 
barbinodis was introduced to France via the wool trade, it is more 
plausible that its origin was Argentina (or neighboring countries 
of South America), which was an attested source of wool impor-
tations into Southern France over the 20th century (Angoulvent, 
1948). Areas of the Sonoran Desert of Arizona (USA) were then 
used to illuminate how B. barbinodis compares to other grasses 
in a native setting. Besides, given the differences of ecological 
contexts between the Sonoran Desert of Arizona (USA) and the 
fallow lands colonized by B. barbinodis in southern France, deter-
mining the ecological processes that might impact the VRH was 
beyond the scope of the present study. Finally, all results presented 
below were highly consistent regardless of the dataset used (S1, 
S2, S5, G1, G2, and G5 datasets, Supplementary Table S5). Accord-
ingly, dataset S2 (contigs >200 nt) was hereafter used for further 
analyses.

A total of 43 and 26 PAV were determined from the 240 French 
and 201 American indigenous plant samples, respectively, when 
using dataset S2 (contigs >200 nt) (Table 1). The GLMM further 
revealed that PAV prevalence in France (23.7 ± 5 per cent) was sig-
nificantly higher (P-value = 0.0209) compared to PAV prevalence in 
the USA (9.9 ± 6 per cent) (Table 1; Supplementary Table S5). Note 
that prevalence values estimated by GLMM models, which took 
into account differences in sampling effort, are slightly different 
from observed prevalence values reported in Table 1. PAV preva-
lence of the French grasses in this study is comparable to previous 
estimates obtained from prairie ecosystems worldwide (Claverie 
et al. 2018). For example, in Oklahoma (USA) prairies, 25 per cent 
of plants carried identifiable plant viral sequences (Muthukumar 
et al. 2009) and in both the Western Cape region of South Africa 
and the Rhone delta region of France, 26 per cent to 36 per cent 
of plant samples harbored PAV sequences (Bernardo et al. 2018). 
To cope with differences in sampling effort, viral richness was 
compared between France and the USA after having removed all 
plant species with less than 20 samples and further having pro-
duced rarefaction and extrapolation curves (along with confidence 
intervals of these). Ecosystem-level PAV richness, rarefaction, and 
extrapolation curves were associated with large confidence inter-
vals due to very low prevalence of each PAV in both ecosystems. 
Nevertheless, indigenous plant species in France exhibited both 
observed and extrapolated PAV richness that was higher than 

those of the indigenous plant species from the USA, albeit not sig-
nificantly different (Table 1; Fig. 1A-B). For instance, examining C. 
dactylon, a plant species naturalized in both countries, highlights 
this contrast. In the USA, the viral richness for C. dactylon is quite 
low, with an extrapolated viral richness of three PAV for a popu-
lation of 100 individuals. Conversely, in France, the same number 
of C. dactylon individuals exhibits a significantly higher estimation 
of viral richness up to 22 PAV, and no evident plateau in the curve 
(Fig. 1A, B). This significant disparity highlights how the viral pres-
sure faced by the same plant species can vary markedly depending 
on the studied ecosystem. However, this result also emphasizes 
local-level variation within each country and the fact that unob-
served interactions in all areas of the geographic range were not 
sampled. Viral richness was further estimated (with confidence 
intervals) after rarefaction at 200 plants for the 201 plant sam-
ples from the USA and the 240 indigenous plant samples from 
France. PAV richness of the French grasses was thus estimated at 
38 ± 8 while the PAV richness of the USA plants was 24 ± 7 (Fig. 3A). 
Finally, PAV co-infection rates, i.e. estimates of the number of PAV 
identified from individual plants, were not significantly different 
between the two sampled ecosystems. PAV co-infection rates var-
ied between one and four PAV for each infected indigenous plant 
from both France and the USA (Fig. 1C; Supplementary Table S5).

Overall, our study revealed that grasses from the French 
ecosystem were characterized by high PAV prevalence and rich-
ness, suggesting an increased viral infection pressure relative to 
the analyzed USA grasses. This result may reflect that the indige-
nous French grass populations were collected from fallow lands 
colonized by B. barbinodis. These ecologically disturbed areas are 
characterized by significant connectivity, richness, and abundance 
of plant species, which sharply contrasts with the Sonoran Desert 
setting in Arizona (USA) that over the past decade has experienced 
higher temperatures and less precipitation than historical aver-
ages and is characterized by scarce and disconnected indigenous 
plant populations.

Attenuation of virome release in invasive B. 
barbinodis populations approximately 50 years 
after their introduction in the Mediterranean 
basin
There were no significant differences in either viral OTU preva-
lence or coinfection rate in B. barbinodis between France and 
the USA, as could have been expected under the virome release 
hypothesis either for PAV or PHY (Fig. 1C-D; Supplementary Figure 
S4A-B; Supplementary Table S5). However, several results suggest 
that a virome release may have actually occurred. First, while viral 
OTU prevalence in B. barbinodis was significantly higher for both 
PAV (P-value = 0.0128) and PHY (P-value = 0.0232) than in other 
Poaceae species in the native area, PAV or PHY prevalence were 
similar in B. barbinodis as it was for indigenous species in the intro-
duced area (Fig. 1D; Supplementary Figure S4A; Supplementary 
Table S5). In fact, PAV and PHY prevalence in B. barbinodis in the 
USA (20.7 ± 11 per cent and 17.2 ± 11 per cent) were higher than 
that of other indigenous species (5.6 ± 8 per cent and 4.1 ± 8 per 
cent), respectively. Conversely, PAV and PHY prevalence of B. barbi-
nodis in France (15 ± 10 per cent and 3.7 ± 10 per cent) were lower 
than that of the four local indigenous species (23.7 ± 5 per cent 
and 10.4 ± 6 per cent), respectively, albeit not significantly differ-
ent for both PAV (P-values = 0.1579) and PHY (P-values = 0.1360) 
(Table 1; Fig. 1D; Supplementary Figure S4A; Supplementary Table 
S5). Second, a similar pattern was observed for PAV and PHY rich-
ness. Indeed, PAV richness for B. barbinodis (whether estimated on 
rarefied samples or extrapolated counts) did not differ between 
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Figure 1. Comparison of PAV richness, prevalence, and co-infection rates between B. barbinodis and indigenous grass species in France and the USA. 
Rarefaction (solid lines) and extrapolation (dashed lines) curves, generated by the R package Inext (Chao et al. 2014; Hsieh, Ma, and Chao 2016), 
estimate PAV richness at 1, 10, 20, 30, 40, 50, 80, and 100 plants (along with confidence intervals) of each plant species where more than 20 individuals 
were collected in the field (A) in France and (B) in the USA. (C) Comparison of co-infection rates and (D) comparison of PAV prevalence between B. 
barbinodis and indigenous grass species in both the French and American ecosystems using generalized linear mixed models (GLMMs) with the R 
package lme4 (Bates et al. 2015).

the native and introduced areas (Fig. 1A, B, blue curves). However, 
while B. barbinodis had the highest associated PAV richness in its 
native area (Fig. 1B), its associated PAV richness fell below that 
of D. glomerata, which possessed the lowest PAV richness among 
the four sampled French indigenous species (Fig. 1A). Similarly, 
PHY richness, i.e. the part of PAV richness that is only counting 
plant viruses that overall are expected to be acute disease-causing 

viruses, for B. barbinodis and C. dactylon was estimated at 10 and 14 
in France and 18 and 6 in the USA, respectively (Supplementary 

Figure S4C-D). These inverse trends in PHY richness for both plant 
species between the native and the introduced areas again suggest 

that B. barbinodis was less infected by plant viruses in its intro-
duced area as compared to indigenous grass congeners, which is 
expected under the virome release hypothesis.

If the VRH follows the same trend as the ERH such that the 
IEPS has a temporary advantage that decreases as it colonizes the 
invaded environment and becomes a target of local virus species 
(Flory and Clay, 2013; Siemann, Rogers, and Dewalt 2006; Mitchell 
et al. 2010; Li et al. 2022), we posit that we may be witnessing 
a transitional stage out of a ‘virome release’ period for B. barbin-
odis, as this species was introduced to the French Mediterranean 
area between 42 and 54 years ago (Fried 2017). This interpretation 
is consistent with the results of a meta-analysis that demon-
strated that herbivory and pathogen attacks on an IEPS intensify 
in the introduced range for about 50 years post-introduction of the 
species (Hawkes 2007).

Greater diversity and complexity in the French 
grass-virus network as compared to the USA
To further explore the broad clustering of viral communities by 
host species, we created a bipartite network (Dormann, Gruber, 
and Fründ 2008). These analyses revealed that the French net-
work was denser and more complex (the main bipartite network 
descriptors are listed in Supplementary Table S6), overall display-
ing more interactions between PAV and plant species compared to 
the USA. In the French network, 12 out of 49 PAV (24.5 per cent) 
shared more than one host species, each infecting up to four dif-
ferent plant hosts. Conversely, in the American ecosystem, 3 out 
of 26 PAV (11.5 per cent) infected more than one plant host species 
(Fig. 2). These multi-host PAV were potentially mycoviruses in that 
they were all assigned to virus families—such as Partitiviridae, 
Chrysoviridae, Genomoviridae, and Endornaviridae—to which both 
PHY and MYC have been described. Consequently, we categorize 
these PAV as MYC, while other viral species, belonging to genera 
or families for which only plant hosts are known, were classified 
as PHY.

While PHY richness between the USA and the French ecosys-
tems was not significantly different, MYC richness was signifi-
cantly higher in the Mediterranean area relative to the Sonoran 
Desert setting (Fig. 3A). In fact, 40.8 per cent of PAV were cat-
egorized as MYC in France, as opposed to 26.9 per cent in the 
USA (Table 1; Supplementary Figure S5). Consequently, this over-
representation of MYC in the Mediterranean basin may account 
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10 Virus Evolution

Figure 2. Sankey diagrams illustrating the plant–virus interactions (A) in France and (B) in the USA. The width of each node as well as the number of 
flow lines is proportional to the number of infected individuals of the same plant species.

for the complexity of the French plant-virus network, as well as 
for the disparity between both ecosystems observed in quanti-
tative analyses evaluating viral richness (Supplementary Figures 
S4, S5, S6; Supplementary Table S5). In line with MYC richness, 
the observed prevalence of MYC was different between France 
(14.4 ± 5 per cent) and the USA (2.4 ± 6 per cent) while the observed 
prevalence of PHY were overall similar between both ecosystems, 
i.e. 8.8 ± 5 per cent in France and 7 ± 9 per cent in the USA (Table 1).

We undertook a complementary network approach which illus-
trated plant–virus interactions from a different perspective, allow-
ing the identification of the nature of PAV infecting each sampled 
plant species in both ecosystems and their respective putative 
transmission modes. Representing the network of plant–virus 
associations in both the native and introduced areas enabled us 
to highlight the distinct viral compositions of both ecosystems, 
which had only four PAV in common—two PHY (Opuntia virus X-
like and Lolium latent virus-like OTUs) and two MYC (Vicia cryptic 
virus-like and Gemykroznavirus zizan1-like OTUs) (Fig. 3B, Supple-
mentary Figure S5). However, phylogenetic analyses revealed that 

the contigs assembled from the USA and French grass samples, 
both encoding the capsid protein of a virus with highest DIAMOND 
homology to Vicia cryptic virus, were actually not phylogenetically 
related. Indeed, the putative capsid protein sequence from the 
French grass grouped with that of Vicia cryptic virus, while the puta-
tive capsid protein sequence from the USA grass grouped very 
distantly with that of Black grass cryptic virus 1, another Partitiviri-
dae family member (Supplementary Figure S7A). In addition, the 
contigs assembled from the USA and French grass samples that 
were both most closely related to the replication-associated pro-
tein of Lolium latent virus likely represent, in fact, two different new 
species in the Alphaflexiviridae family (Supplementary Figure S7B). 
Finally, no significant nucleotide similarities were found neither 
between the contigs assigned to Opuntia virus X nor between the 
contigs assigned to Gemykroznavirus zizan1, which have hampered 
any phylogenetic analyses of these sequences recovered from both 
the French and the American plant species.

Additionally, no statistical difference was found when compar-
ing the viral OTU richness of putatively vertically and horizontally 
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Figure 3. Comparative analysis of plant–virus interactions and viral richness in French vs. American ecosystems (A) Virus richness estimated (with 
confidence intervals) for PAV after rarefaction at 200 plants for the 201 plant samples from USA and the 240 indigenous plant samples from France. 
Virus richness is also estimated (with confidence intervals) according to the type of virus species (PHY or MYC) and according to the transmission 
modes (vertical and horizontal). Viral richness was considered significantly different between two samples of a given sample size if the confidence 
intervals of the rarefaction and extrapolation curves did not overlap (this is marked by an asterisk in the figure). (B) Network visualization of 
plant–virus interactions in French and American ecosystems: differentiation of PAV into PHY (plant viruses) and MYC (mycoviruses) with color-coded 
transmission modes and plant species demarcating indigenous species from B. barbinodis.
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12 Virus Evolution

transmitted virus taxa between the French and the American 
ecosystems: In France, 13 virus species were putatively vertically 
transmitted, compared to 11 in the USA, while 26 virus species 
were putatively horizontally transmitted in France, as compared 
to 15 in the USA (Table 1; Fig. 3A-B). The remaining virus species, 
not included in these counts, have unknown transmission modes. 
However, it is noteworthy that in France the number of putatively 
horizontally transmitted virus species (26) was twice that of ver-
tically transmitted virus species (13), a pattern not observed in 
the American ecosystem where the proportions were more sim-
ilar (Table 1). The Igraph plot also indicated that PAV that are 
putatively vertically transmitted in the French ecosystem predom-
inantly belonged to the group of MYC (Fig. 3B) that are overall 
known to either have host ranges restricted to a single species 
or host ranges restricted to a few closely related species (Pear-
son et al. 2009) even if some of them have a broader host range 
(Deng et al. 2022). The fact that several of these MYC were iso-
lated from several grass species suggests, however, that they were 
horizontally transmitted. To test this hypothesis, we investigated 
the phylogenetic relationships of six contigs determined from B. 
barbinodis, D. glomerata, B. phoenicoides, and C. dactylon, encompass-
ing the whole polyprotein of endornaviruses. Interestingly, these 
six contigs clustered together (Supplementary Figure S7C) and 
they most likely represent a new species in the Alphaendornavirus
genus: a genus that is known to contain PHY that are transmit-
ted solely via seed and pollen and MYC that can, in most cases, 
spread intracellularly, through hyphal anastomosis or sporulation 
(Hough et al. 2023). Hence, this result strongly suggests that this 
novel endornavirus is a mycovirus that was probably horizontally 
dispersed to the four grass species in France, most likely through 
fungal spores.

Reduced insect-borne and seed-borne 
transmission may have accounted for the virome 
release of invasive B. barbinodis in France
Eight putative MYC that spanned the Partitiviridae, Mitoviridae, 
Endornaviridae, and Genomoviridae families were identified from 
the French B. barbinodis population, six of which were found to 
be shared with other indigenous grass species, and one of which 
was shared with an American indigenous grass (Fig. 3B; Sup-
plementary Figure S5). At the same time, four PHY from the 
Amalgaviridae and Geminiviridae families were uniquely isolated 
from the French B. barbinodis population (Fig. 3B; Supplementary 
Figures S5, S6). Surprisingly, besides one OTU assigned to the 
Amalgaviridae family, no other PHY with an RNA genome was 
identified in B. barbinodis from the French ecosystem even when 
they were surrounded by indigenous Poaceae species infected by 
viruses belonging to several genera of insect-vectored or mechan-
ically transmitted RNA viruses, including viruses in the genera 
Alfamovirus, Lolavirus, Luteovirus, Marafivirus, Poacevirus, Polerovirus, 
Potexvirus, Sobemovirus, and Tritimovirus.

We already mentioned that the three OTUs assigned to the 
Geminiviridae family actually belong to a unique novel Geminiviri-
dae species based on the ICTV Mastrevirus species demarcation 
threshold of 78 per cent genome-wide identity (Supplementary 
Figures S2 and S3). This novel mastrevirus is phylogenetically 
related to a group of mastreviruses infecting several Poaceae 
species in Australia (Supplementary Figure S3) (Kraberger et al. 
2012). Since this group of mastreviruses has never been reported 
outside Australia, it is unclear how this novel mastrevirus ended 
up in southern France. Even if there is a strong suspicion that this 
novel mastrevirus was horizontally transmitted to B. barbinodis via 
an insect-vector, most likely a leafhopper (Fiallo-Olivé et al. 2021), 

the scenario of seed-transmission of this virus cannot be com-
pletely ruled out because at least one mastrevirus is suspected 
to be seed-transmissible (Qiao et al. 2020).

The second PHY identified in the French B. barbinodis plants 
shared 74 per cent amino acid identity with the partial RNA-
dependent RNA polymerase (RdRp) of Allium cepa amalgavirus 
(Amalgavirus allii) that belongs to the Amalgaviridae family 
(Krupovic, Dolja, and Koonin 2015). Given that seed-transmission 
is the unique known mode of transmission of amalgaviruses, this 
virus identified in one B. barbinodis plant out of 80 is a candidate 
member of the original virome that may have been retained dur-
ing the introduction and expansion of B. barbinodis in southern 
France. The effects of amalgaviruses and other vertically trans-
mitted plant viruses (e.g. partitiviruses, endornaviruses, etc.) on 
their hosts are poorly understood but may be beneficial, includ-
ing protection against acute infections of more harmful viruses, 
better tolerance to stress, regulation of nodulation, and increased 
plant height and fruit production (Takahashi et al. 2019).

In the context of rapid climate change, seed transmission may 
confer crucial benefits for plant viruses. For instance, it could 
allow virus survival under unfavorable conditions, such as pro-
longed drought periods (Pagán and Lozano-Durán 2022), a strategy 
that may be utilized by viruses in arid climates like those in Ari-
zona, USA. However, only 8 of the 201 plants collected in the 
Sonoran Desert were infected by viruses related to viral species 
that are known to be seed-transmissible (including viruses in 
the Alphachrysovirus, Alphapartitivirus, Betapartitivirus, Hordeivirus, 
and Tobamovirus genera). None of these viruses was present 
in the French B. barbinodis plants. While alphachrysoviruses, 
hordeiviruses, and tobamoviruses are potentially acute disease-
causing viruses, alphapartitiviruses and betapartitiviruses may 
potentially provide their hosts with survival benefits. These results 
suggest that vertically transmitted viruses rarely infect grasses in 
the Sonoran Desert, which may indicate that adaptation of these 
plants to the harsh environmental conditions of this setting has 
probably not been driven by the ubiquitous presence of beneficial 
vertically transmitted PAV.

However, it is important to note that these interpretations 
should be treated with caution, as we currently have only limited 
knowledge on the modes of transmission of plant viruses and the 
types of interactions they develop with their plant hosts. We there-
fore acknowledge that it is likely overly simplistic to hypothesize 
that vertically transmitted viruses are likely to be more beneficial 
(or less antagonistic) to their hosts than horizontally transmitted 
viruses. There is simply not enough available information to prop-
erly test such a hypothesis. Further, we acknowledge that there 
is also a high degree of uncertainty in the modes of transmission 
that we have assigned to each of the viral OTUs inventoried in 
this study in that these assignments are perhaps inappropriately 
inferred based on the assumption that the mode of transmission 
of an OTU will be the same as other better studied viruses belong-
ing to the same genus. Here again, there is simply not enough 
available data on modes of transmission for the vast majority of 
known plant.

Nevertheless, our viral metagenomics-based study revealed 
that B. barbinodis was found associated with several mycoviruses 
in France where, contrary to Arizona, frequent and ubiquitous 
transmission of mycoviruses was observed. Interestingly, setting 
mycoviruses apart, only one putatively vertically transmitted phy-
tovirus circulated among the 320 French B. barbinodis plants col-
lected in this study. These results suggest that B. barbinodis in 
France did lose most of its native vertically transmitted PAV upon 
introduction. This would be congruent with (1) little or no seed 
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transmission of PAV and/or (2) a very low vertically transmitted 
PAV prevalence in the native population(s) as observed in Arizona. 
Similarly, only one putatively horizontally transmitted phytovirus 
infected these plants in the introduced area, pinpointing that B. 
barbinodis may have not yet gained new phytoviruses in the intro-
duced ecosystem. This result implies a limited vector-mediated 
transmission of plant viruses to B. barbinodis in the introduced 
ecosystem, possibly as a result of a lack of insect vector prefer-
ence for this newly introduced species (Liu and Stiling 2006; Meijer 
et al. 2016). Collectively, these results suggest that after experienc-
ing an initial virome release phase following its introduction to 
France at least 42 years ago, B. barbinodis is probably transitioning, 
or has already transitioned, out of that phase and started inter-
acting with local viruses. Whether this temporary release in the 
viral pressure over B. barbinodis populations was instrumental in 
its invasive success, e.g. through resource reallocation as stated 
in the original ERH, cannot be concluded from the present study, 
and will require identifying the source populations of the inva-
sive French B. barbinodis and setting up proper life-history traits 
comparisons between native and invasive populations (Keane and 
Crawley 2002; Brian and Catford 2023).

Data availability
Illumina cleaned reads have been deposited in the sequence 
read archive of GenBank (accession number PRJNA721112 for the 
French plant samples and accession number PRJNA1020112 for 
the American plant samples). Full genomes of the mastrevirus 
genomes are publicly available in GenBank (accession numbers: 
OR596401-OR596405). Scripts and raw material were deposited 
in Zenodo with the following DOI: https://doi.org/10.5281/zenodo.
10159099.

Supplementary data
Supplementary data are available at Virus Evolution online.
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