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The rhizosphere microbiome plays a key role in plant protection against soil-borne pathogens. Plant breeding for
resistance against soil-borne pathogens can alter the rhizosphere microbiome. However, most studies have
focused on bacterial and fungal communities, leaving the role of the virus and viroids unassessed. Here, we tested
the influence of resistance breeding on the composition of rhizosphere viruses and viroids. By analyzing meta-
transcriptomes from the rhizosphere of common bean (Phaseolus vulgaris) cultivars with varying resistance to the
soil-borne pathogen Fusarium oxysporum, we recovered sequences representing 78 and 23 novel populations of
viruses and viroids, respectively. We compared the abundances of these infectious agents across the different
cultivars and found that the Fusarium-resistant cultivar harbored >1.2 times more viroids and a more different
composition of viroids and viruses than less resistant plants. Given their role in interfering with host metabolism
and their potential influence on plant-fungi associations, our study suggests that changes in the rhizosphere
infectome are an important consideration in breeding for resistance against soil-borne pathogens.

The rhizosphere is the first line of defense against soil-borne patho- including Fusarium (Wei et al., 2019, 2020). However, how the

gens (Mendes et al., 2013), from which plants are able to recruit pro-
tective microbes when they are attacked by pathogens (Berendsen et al.,
2012). Recent studies have shown that plant breeding can change the
composition of the rhizosphere microbiome (Mendes et al., 2018; Wei
and Jousset, 2017). To date, however, rhizosphere microbiome studies
have almost exclusively focused on bacterial and fungi, with little
attention given to other microbiome members including protists, vi-
ruses, and viroids. The latter two microbiome members have the po-
tential to affect plant-mycorrhizal interactions in the context of disease
(Andika et al., 2017; Wei et al., 2019). For example, viral infections can
convert a phytopathogenic fungi into a beneficial endophyte (Zhang
et al., 2020), whilst viroids have been experimentally demonstrated to
reduce the growth and virulence of different phytopathogenic fungi,
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composition of rhizosphere viruses and viroids differ between disease
susceptible and resistant plants remains unassessed.

Here, we tested the hypothesis that the composition of viruses and
viroids in the rhizosphere microbiome of the common bean (Phaseolus
vulgaris) differed between cultivars that were resistant versus susceptible
to a soil-borne pathogen. To this end, we analyzed the RNA sequences
obtained from the rhizosphere metatranscriptomes of three common
bean cultivars that span a gradient of disease susceptibility to the
widespread, root pathogenic fungus Fusarium oxysporum. These cultivars
were either resistant (cultivar IAC Milenio (Carbonell et al., 2014)),
moderately resistant (cultivar BRS Estilo (Melo et al., 2010)), or sus-
ceptible (cultivar IAC Alvorada (Carbonell et al., 2008)). To simulate
realistic field conditions for rhizosphere selection of plant-microbe
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Fig. 1. Abundance of viral and viroid sequences in common bean cultivars differing in resistance to the fungal root pathogen Fusarium oxysporum. Boxplots show the
relative abundance of (a) viral and (b) viroid sequences in the rhizosphere metatranscriptomes of P. vulgaris cultivars that are either resistant, moderately resistant or
susceptible to F. oxysporum. Different letters indicate statistically significant differences between cultivars according to a linear model (p < 0.05). Horizontal lines
denote medians with boxes spanning inter-quartile range and whiskers extending to minimum and maximum values.

interactions, the plants were not infected with Fusarium in the experi-
ment, as artificial infections interfere with the natural process of root
colonization by soil-borne microbes. Metatranscriptomes were obtained
from the rhizosphere of three replicates from each of the three cultivars
grown in pots under controlled greenhouse conditions. Plants were
harvested at the early flowering stage, which is most representative for
our studies because rhizosphere microbial communities converge once
they reach this stage (Chaparro et al., 2014).

To recover viral sequences, metatranscriptomes were quality filtered
and assembled with IDBA-UD (Peng et al., 2012). Contigs (>3000 bp)
were then screened with VirSorter2 (Guo et al.,, 2021), Seeker
(Auslander et al., 2020) and DeepVirFinder (Ren et al., 2017). These
analyses resulted in 251 sequences predicted as viruses that clustered
into 155 viral operational taxonomic units (vOTUs), i.e. sharing >95 %
average nucleotide identity across 80 % of the length of the shorter
contig (Roux and Emerson, 2022). Only sequences classified by at least
two of these tools were considered in further analyses. The vOTUs were
further quality controlled following the standard operational procedure
using CheckV (Nayfach et al., 2021), including annotations of encoded
functional domains (Supplementary Material and Methods). A total of
78 sequences were subsequently considered as bona fide viral se-
quences. Half of these sequences were predicted to be medium- or high-
quality genomes, with 32 % expected to be >90 % complete genomes
(Supplementary Table 1). Forty-two sequences were further confirmed
as RNA viruses based on the presence of viral RNA-dependent RNA
polymerase (RdRp) identified with Palmscan (Edgar et al., 2022). Based
on their RARp sequences (i.e., palmprints), vOTUs 54 and 57 repre-
sented variants from the same clade. The same was true for vOTUs 63
and 64. All the other RNA virus sequences were inferred to represent
distinct species (Supplementary Table 1). Taxonomic classifications and
host predictions were inferred based on sequence similarity against the
NCBI Virus database (Hatcher et al., 2017).

The viral RNA genomes were found to represent novel populations
closely related with viruses infecting plants, phytopathogenic fungi,
insects, invertebrates or rhizobacteria. They were classified as Levivir-
icetes (26.92 %), Picornavirales (7.69 %), Sobemovirus (2.56 %),
Tombusviridae (2.56 %), Totiviridae (2.56 %), Endornaviridae (2.56 %),
including two Phaseolus vulgaris Alphaendornaviruses (PvEVs), Amal-
gaviridae (1.28 %), Partiviridae (1.28 %), Reovirales (1.28 %), and other

reference Riboviria viruses (5 %) still unclassified at higher taxonomic
ranks. The two genomes classified as PVEV were predicted to be high-
quality (>90 % completeness) and produced whole genome align-
ments with 100 % coverage and >97 % identity against reference PvEV
genomes.

To recover viroid sequences, the assembled contigs (>300 bp) were
screened with Vdsearch, a tool tailored to identify viroid covalently
closed circular RNAs (Lee et al., 2022). We found 23 viroid-like se-
quences, hereafter referred to as viroids for simplicity (Supplementary
Table 2). Twelve were symmetric, containing one ribozyme per polarity,
and 11 were asymmetric, containing a ribozyme only in one polarity. All
but one of the symmetric sequences contained well described autocat-
alytic hammerhead ribozymes (HHRs), with HHR3 being the predomi-
nant form among them. The symmetric viroid sequence that was the
exception contained a twister ribozyme (twister-P1), which has been
recently described (Roth et al., 2014), and is less commonly distributed
in nature as the HHR pattern (Lee et al., 2022; Roth et al., 2014). Among
the asymmetric sequences, HHRs were also predominant, and one of
them matched the twister-P1 motif. Generally, viroids had >70 % of
nucleotides self-paired and several even had perfect rod-shaped con-
formations. The size and structure of the identified sequences all
matched expected viroid-like patterns (Lee et al., 2022; Roth et al.,
2014).

We then compared the abundances of viruses and viroids between
the cultivars and found differences in their composition in the rhizo-
sphere (Figs. 1 and 2). We found that resistance breeding was positively
correlated with the total abundance of viroids in the rhizosphere. Vi-
roids were >1.2-times more abundant, on average, in the Fusarium-
resistant cultivar compared to the susceptible ones (p < 0.05; Fig. 1b).
This effect was not detected for the total fraction of viral sequences
(Fig. 1a). Nevertheless, the abundance of individual viral populations
was influenced by plant resistance to Fusarium, with most of the changes
being observed when comparing resistant against susceptible cultivars
(p < 0.05; Fig. 2). Most vOTUs were related with uncultivated viruses
that were first detected in Chinese soils (Supplementary Table 1),
including the rhizosphere (Chen et al., 2022). The differences in the
abundance of vOTUs were observed in all pairwise comparisons, but
greater impacts were detected comparing the resistant against the sus-
ceptible cultivar (p < 0.05; Fig. 2). Similarly, individual populations of
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Fig. 2. Composition of viral and viroid
communities in common bean cultivars
differing in resistance to the fungal
root pathogen Fusarium oxysporum.
Taxonomic classification of viral pop-
ulations was inferred based on simi-
larity searches against the NCBI Virus
database (Hatcher et al., 2017), and
the best hits were used to infer putative
hosts for the recovered viral sequences.
Viroids were classified according to the
ribozyme domains identified in both
plus and minus strands using Vdsearch
(Lee et al., 2022). Italics denote se-
quences confirmed as RNA viruses and
viroids from those representing tran-
scripts of DNA viruses or incomplete
RNA virus genomic sequence not
encoding sufficient information for
confident classification (see Supple-
mentary Material and Methods and
Supplementary Table 1). Taxonomy of
viruses and ribozyme domains of vi-
roids are indicated between parenthe-
ses (see Supplementary Tables 1 and
2). For symmetric ribozymes, semi-
colons separate identifications of
different strands. HHR: hammerhead
ribozyme. Populations of viruses and
viroids that respond to resistant
breeding were detected by pairwise
comparison of differential abundances
among P. vulgaris cultivars with
different levels of susceptibility to
F. oxysporum. We used the effect size
estimated from linear discriminant
analysis (LEfSE) to detect populations
of viruses and viroids that were statis-
tically different among cultivars (see
Supplementary Material). Relative
abundances were obtained by normal-
izing read counts by sequence length
and total abundances using the LEfSE
software according to default parame-
ters (Segata et al., 2011). * denotes
populations that statistically differ in
abundance between cultivars (p <
0.05).
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viroids also diverged significantly when comparing the Fusarium-resis-
tant cultivar against the moderately susceptible and susceptible cultivars
(p < 0.05; Fig. 2). Although the total abundance of viroids was greater in
the resistant cultivar (Fig. 1b), three viroid populations were enriched in
the more susceptible cultivars (Fig. 2). These results highlight that viral
and viroid diversity in the rhizosphere may be driven by different
mechanisms, likely arising from the many possible trophic interactions
between plants and their microbiomes.

To explore the consequences of resistance breeding for the commu-
nity composition of viruses and viroids in the rhizosphere, we performed
a co-occurrence analysis for each cultivar. This analysis allowed us to
assess the stability of rhizosphere interactions under resistance breeding
and identify keystone taxa (Freeman et al., 1991; Salavaty et al., 2020),
which are typically considered to be disproportionately important for
the network (Rottjers and Faust, 2018). We estimated the co-occurrence
networks only using pairwise correlations between viruses and viroids
that were statistically significant when correcting for multiple compar-
isons for each virus and viroid (see Methods). We found that the number
of correlations between viruses and viroids in the rhizosphere of resis-
tant cultivars was higher than for other cultivars, with nearly twice as
many correlations as the susceptible cultivars (Fig. 3; p < 0.001). From
the network, we extracted topological features that described the sta-
bility of co-occurrence patterns, such as betweenness centrality and
degree scores (Supplementary Table 3). Based on these metrics, the
rhizosphere of resistant cultivars was more stable than the other culti-
vars, as it was composed of nodes with significantly higher values of
both betweenness centrality and degrees (Fig. 4; p < 0.05). Moreover,
the identity of keystone viruses and viroids was completely altered in
response to resistance breeding (Supplementary Table S3). Most
keystone taxa represent novel viral populations, and some included
members from the Leviviricetes and Picornavirales, which are groups
that infect prokaryotes and eukaryotes (including plants), respectively.
Compared to the other genotypes, the much lower betweenness cen-
trality scores in the susceptible cultivar suggests absence of keystone
nodes in this network (Supplementary Table 3).

Overall, 94 % and 95 % of the associations found in the resistance
network were absent from the moderately resistant and the susceptible
cultivars, respectively. These results consistently support the finding
that resistance breeding altered the composition of viruses and viroids in
the rhizosphere. Resistance against soil-borne pathogens led to more
unique, complex, and stable interactions between rhizosphere viruses
and viroids (Figs. 3 and 4). This pattern mirrors that observed for
rhizosphere bacterial communities analyzed in these systems (Mendes
et al., 2018) and elsewhere, where more complex networks have been
proposed to represent communities that are better able to resist path-
ogen invasions (Mallon et al., 2015; Wei et al., 2015).

Here we found two lines of evidence that crop breeding for resistance
against a specific fungal pathogen was also associated with large
changes in the rhizosphere-associated “infectome”, that is, the collection
of infectious agents composed of viruses and viroids. First, more resis-
tant plants generally harbored more viroids and had altered infectome
composition (Figs. 1 and 2). Second, co-occurrence patterns dramati-
cally changed across the gradient of disease resistance, with resistant
cultivars showing evidence of having more stable infectomes (Figs. 3
and 4). Plant traits can influence the rhizosphere infectome by selecting
microbial hosts from the soil stock and also by releasing infectious
agents replicated in their cells to the rhizosphere. For example, we found
that the core infectome in the resistant cultivars had more active bac-
teriophages than the other cultivars, and the recovery of complete PvEVs
genomes from the rhizosphere in our experiment further confirms that
viruses produced in plant cells can be released by the roots. The same
mechanism can apply to viroids, where their release into the rhizosphere
is facilitated by their accumulation in root cells (Gora-Sochacka et al.,
2019; Wang et al., 2011). Furthermore, plant viruses and viroids can be
transmitted vertically (Matsushita et al., 2018; Mutuku et al., 2018), so,
in addition to the soil stock (horizontal transmission), the rhizosphere
infectome can be influenced by seed-borne infectious agents (vertical
transmission) (Johnston-Monje et al., 2021; Simonin et al., 2022).
Therefore, plant genotype should affect rhizosphere infectome compo-
sition and that may alter the interactions between plants and their soil-
borne pathogens.

Our study outlines the importance of considering changes in the
rhizosphere infectome when breeding for resistance against soil-borne
pathogens. Plant pathogens represent a significant threat to crop pro-
duction, contributing, on average, to 11-30 % of global yield losses (van
Esse et al., 2020). Resistance breeding is one of the most important and
sustainable strategies to protect against pathogens. However, resistance
breeding is challenging given the complex arms-race dynamics
involving plant-pathogen interactions, and often has short-term dura-
bility due to pathogen evolution (McDonald and Linde, 2002; Nelson
et al., 2018). It is important to explore further the direction of causality
between the rhizosphere infectome and plant protection against soil-
borne pathogens. For example, some viruses and viroids may be able
to infect phytopathogens or influence the composition of the rhizomi-
crobiome, both of which may confer protection to plants against colo-
nizing pathogens. At the same time, the composition of these viruses and
viroids can also be influenced by the plant genotype, that determines the
recruitment of specific bacteria and fungi. Hence, bidirectional causality
may also be considered in this case. In our system, the mechanisms
determining the differences in infectome composition still needs to be
determined. Nevertheless, we provide evidence suggesting that a better
understanding of the role of viruses and viroids in the rhizosphere, as
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well as their response to plant breeding against soil-borne pathogen, are
an important consideration for breeding programs aimed at improving
food security.

Author contribution

LPPB, SMT, JOS, RM and LWM designed the research; LPPB and
LWM performed the research. LPPB, BL and AJT analyzed the data; LPPB
and AJT wrote the manuscript. All authors read and approved the final
manuscript.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

The metatranscriptomes used for this analysis are available at the
MG-RAST server (http://v4-web.metagenomics.anl.gov) under the
project ‘Common Bean Rhizosphere Metatranscriptome’ (mgp20659).
Assembled virus and viroid sequences are publicly available on BV-BRC
(PATRIC) in the workspace RhizoB2023.

Acknowledgements

We thank Prof. John Carr from the Plant Virology Group, Depart-
ment of Plant Sciences, University of Cambridge for helpful comments
provided on an initial draft. LPPB and LWM thank FAPESP (grant
numbers: 2014/03217-3; 2015/00251-9; 2018/19247-0; 2019/24097-
0; 2019/16043-7). LWM also thanks Coordenacao de Aperfeicoamento
de Pessoal de Nivel Superior (CAPES 88887.185941,/2018-00), and
Conselho Nacional de Desenvolvimento Cientfico e Tecnolégico (CNPq
408191/2018-0; 307670/2021-0).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.aps0il.2023.105018.

References

Andika, I.B., Wei, S., Cao, C., Salaipeth, L., Kondo, H., Sun, L., 2017. Phytopathogenic
fungus hosts a plant virus: a naturally occurring cross-kingdom viral infection. Proc.
Natl. Acad. Sci. U. S. A. 114, 12267-12272. https://doi.org/10.1073/
pnas.1714916114.

Auslander, N., Gussow, A.B., Benler, S., Wolf, Y.I., Koonin, E.V., 2020. Seeker: alignment-
free identification of bacteriophage genomes by deep learning. Nucleic Acids Res. 48
https://doi.org/10.1093/nar/gkaa856 (e121-e121).

Berendsen, R.L., Pieterse, C.M.J., Bakker, P.A.H.M., 2012. The rhizosphere microbiome
and plant health. Trends Plant Sci. 17, 478-486. https://doi.org/10.1016/].
tplants.2012.04.001.

Carbonell, S.A.M., Chiorato, A.F., Ito, M.F., Perina, E.F., Gongalves, J.G.R., Souza, P.S.,
Gallo, P.B., Ticelli, M., Colombo, C.A., Azevedo Filho, J.A., 2008. IAC-Alvorada and
IAC-Diplomata: new common bean cultivars. Crop. Breed. Appl. Biotechnol. 8,
163-166. https://doi.org/10.12702/1984-7033.v08n02a10.

Carbonell, S.A.M., Chiorato, A.F., Bolonhezi, D., de Barros, V.L.N.P., Borges, W.L.B.,
Ticelli, M., Gallo, P.B., Finoto, E.L., dos Santos, N.C.B., 2014. “IAC Milénio” -
common bean cultivar with high grain quality. Crop Breed. Appl. Biotechnol. 14,
273-276. https://doi.org/10.1590/1984-70332014v14n4c44.

Chaparro, J.M., Badri, D.V., Vivanco, J.M., 2014. Rhizosphere microbiome assemblage is
affected by plant development. ISME J. 8, 790-803. https://doi.org/10.1038/
isme;j.2013.196.

Chen, Y.-M., Sadiq, S., Tian, J.-H., Chen, X., Lin, X.-D., Shen, J.-J., Chen, H., Hao, Z.-Y.,
Wille, M., Zhou, Z.-C., Wu, J., Li, F., Wang, H.-W., Yang, W.-D., Xu, Q.-Y., Wang, W.,
Gao, W.-H., Holmes, E.C., Zhang, Y.-Z., 2022. RNA viromes from terrestrial sites
across China expand environmental viral diversity. Nat. Microbiol. 7, 1312-1323.
https://doi.org/10.1038/s41564-022-01180-2.

Edgar, R.C., Taylor, J., Lin, V., Altman, T., Barbera, P., Meleshko, D., Lohr, D.,
Novakovsky, G., Buchfink, B., Al-Shayeb, B., Banfield, J.F., de la Pena, M.,
Korobeynikov, A., Chikhi, R., Babaian, A., 2022. Petabase-scale sequence alignment

Applied Soil Ecology 190 (2023) 105018

catalyses viral discovery. Nature 602, 142-147. https://doi.org/10.1038/s41586-
021-04332-2.

Freeman, L.C., Borgatti, S.P., White, D.R., 1991. Centrality in valued graphs: a measure
of betweenness based on network flow. Soc. Networks 13, 141-154. https://doi.org/
10.1016/0378-8733(91)90017-N.

Gora-Sochacka, A., Wigsyk, A., Fogtman, A., Lirski, M., Zagoérski-Ostoja, W., 2019. Root
transcriptomic analysis reveals global changes induced by systemic infection of
Solanum lycopersicum with mild and severe variants of potato spindle tuber viroid.
Viruses 11, 992. https://doi.org/10.3390/v11110992.

Guo, J., Bolduc, B., Zayed, A.A., Varsani, A., Dominguez-Huerta, G., Delmont, T.O.,
Pratama, A.A., Gazitia, M.C., Vik, D., Sullivan, M.B., Roux, S., 2021. VirSorter2: a
multi-classifier, expert-guided approach to detect diverse DNA and RNA viruses.
Microbiome 9, 37. https://doi.org/10.1186/540168-020-00990-y.

Hatcher, E.L., Zhdanov, S.A., Bao, Y., Blinkova, O., Nawrocki, E.P., Ostapchuck, Y.,
Schaéffer, A.A., Brister, J.R., 2017. Virus variation resource — improved response to
emergent viral outbreaks. Nucleic Acids Res. 45, D482-D490. https://doi.org/
10.1093/nar/gkw1065.

Johnston-Monje, D., Gutiérrez, J.P., Lopez-Lavalle, L.A.B., 2021. Seed-transmitted
bacteria and fungi dominate juvenile plant microbiomes. Front. Microbiol. 12.

Lee, B.D., Neri, U., Roux, S., Wolf, Y.I., Camargo, A.P., Krupovic, M., Simmonds, P.,
Kyrpides, N., Gophna, U., Dolja, V.V., Koonin, E.V., 2022. A Vast World of Viroid-
like Circular RNAs Revealed by Mining Metatranscriptomes. bioRxiv. https://doi.
org/10.1101/2022.07.19.500677 (2022.07.19.500677).

Mallon, C.A., van Elsas, J.D., Salles, J.F., 2015. Microbial invasions: the process, patterns,
and mechanisms. Trends Microbiol. 23, 719-729. https://doi.org/10.1016/j.
tim.2015.07.013.

Matsushita, Y., Yanagisawa, H., Sano, T., 2018. Vertical and horizontal transmission of
pospiviroids. Viruses 10, 706. https://doi.org/10.3390/v10120706.

McDonald, B.A., Linde, C., 2002. Pathogen population genetics, evolutionary potential,
and durable resistance. Annu. Rev. Phytopathol. 40, 349-379. https://doi.org/
10.1146/annurev.phyto.40.120501.101443.

Melo, L.C., Del Peloso, M.J., Pereira, H.S., de Faria, L.C., da Costa, J.G.C., Diaz, J.L.C.,
Rava, C.A., Wendland, A., Abreu, A. de F.B., 2010. BRS Estilo: common bean cultivar
with carioca grain, upright growth and high yield potential. Crop Breed. Appl.
Biotechnol. 10, 377-379. https://doi.org/10.1590/51984-70332010000400015.

Mendes, R., Garbeva, P., Raaijmakers, J.M., 2013. The rhizosphere microbiome:
significance of plant beneficial, plant pathogenic, and human pathogenic
microorganisms. FEMS Microbiol. Rev. 37, 634-663. https://doi.org/10.1111/1574-
6976.12028.

Mendes, L.W., Raaijmakers, J.M., de Hollander, M., Mendes, R., Tsai, S.M., 2018.
Influence of resistance breeding in common bean on rhizosphere microbiome
composition and function. ISME J. 12, 212-224. https://doi.org/10.1038/
ismej.2017.158.

Mutuku, J.M., Wamonje, F.O., Mukeshimana, G., Njuguna, J., Wamalwa, M., Choi, S.-K.,
Tungadi, T., Djikeng, A., Kelly, K., Domelevo Entfellner, J.-B., Ghimire, S.R.,
Mignouna, H.D., Carr, J.P., Harvey, J.J.W., 2018. Metagenomic analysis of plant
virus occurrence in common bean (Phaseolus vulgaris) in Central Kenya. Front.
Microbiol. 9, 2939. https://doi.org/10.3389/fmicb.2018.02939.

Nayfach, S., Camargo, A.P., Schulz, F., Eloe-Fadrosh, E., Roux, S., Kyrpides, N.C., 2021.
CheckV assesses the quality and completeness of metagenome-assembled viral
genomes. Nat. Biotechnol. 39, 578-585. https://doi.org/10.1038/541587-020-
00774-7.

Nelson, R., Wiesner-Hanks, T., Wisser, R., Balint-Kurti, P., 2018. Navigating complexity
to breed disease-resistant crops. Nat. Rev. Genet. 19, 21-33. https://doi.org/
10.1038/nrg.2017.82.

Peng, Y., Leung, H.C.M.,, Yiu, S.M., Chin, F.Y.L., 2012. IDBA-UD: a de novo assembler for
single-cell and metagenomic sequencing data with highly uneven depth.
Bioinformatics 28, 1420-1428. https://doi.org/10.1093/bioinformatics/bts174.

Ren, J., Ahlgren, N.A,, Lu, Y.Y., Fuhrman, J.A., Sun, F., 2017. {VirFinder}: a novel k-mer
based tool for identifying viral sequences from assembled metagenomic data.
Microbiome 5, 69.

Roth, A., Weinberg, Z., Chen, A.G.Y., Kim, P.B., Ames, T.D., Breaker, R.R., 2014.

A widespread self-cleaving ribozyme class is revealed by bioinformatics. Nat. Chem.
Biol. 10, 56-60. https://doi.org/10.1038/nchembio.1386.

Rottjers, L., Faust, K., 2018. From hairballs to hypotheses—biological insights from
microbial networks. FEMS Microbiol. Rev. 42, 761-780. https://doi.org/10.1093/
femsre/fuy030.

Roux, S., Emerson, J.B., 2022. Diversity in the soil virosphere: to infinity and beyond?
Trends Microbiol. 30, 1025-1035. https://doi.org/10.1016/j.tim.2022.05.003.

Salavaty, A., Ramialison, M., Currie, P.D., 2020. Integrated value of influence: an
integrative method for the identification of the most influential nodes within
networks. Patterns 1, 100052. https://doi.org/10.1016/j.patter.2020.100052.

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W.S.,
Huttenhower, C., 2011. Metagenomic biomarker discovery and explanation. Genome
Biol. 12, R60. https://doi.org/10.1186/gb-2011-12-6-r60.

Simonin, M., Briand, M., Chesneau, G., Rochefort, A., Marais, C., Sarniguet, A.,
Barret, M., 2022. Seed microbiota revealed by a large-scale meta-analysis including
50 plant species. New Phytol. 234, 1448-1463. https://doi.org/10.1111/nph.18037.

van Esse, H.P., Reuber, T.L., van der Does, D., 2020. Genetic modification to improve
disease resistance in crops. New Phytol. 225, 70-86. https://doi.org/10.1111/
nph.15967.

Wang, Y., Shibuya, M., Taneda, A., Kurauchi, T., Senda, M., Owens, R.A., Sano, T., 2011.
Accumulation of potato spindle tuber viroid-specific small RNAs is accompanied by
specific changes in gene expression in two tomato cultivars. Virology 413, 72-83.
https://doi.org/10.1016/j.virol.2011.01.021.


http://v4-web.metagenomics.anl.gov
https://doi.org/10.1016/j.apsoil.2023.105018
https://doi.org/10.1016/j.apsoil.2023.105018
https://doi.org/10.1073/pnas.1714916114
https://doi.org/10.1073/pnas.1714916114
https://doi.org/10.1093/nar/gkaa856
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.12702/1984-7033.v08n02a10
https://doi.org/10.1590/1984-70332014v14n4c44
https://doi.org/10.1038/ismej.2013.196
https://doi.org/10.1038/ismej.2013.196
https://doi.org/10.1038/s41564-022-01180-2
https://doi.org/10.1038/s41586-021-04332-2
https://doi.org/10.1038/s41586-021-04332-2
https://doi.org/10.1016/0378-8733(91)90017-N
https://doi.org/10.1016/0378-8733(91)90017-N
https://doi.org/10.3390/v11110992
https://doi.org/10.1186/s40168-020-00990-y
https://doi.org/10.1093/nar/gkw1065
https://doi.org/10.1093/nar/gkw1065
http://refhub.elsevier.com/S0929-1393(23)00216-0/rf0065
http://refhub.elsevier.com/S0929-1393(23)00216-0/rf0065
https://doi.org/10.1101/2022.07.19.500677
https://doi.org/10.1101/2022.07.19.500677
https://doi.org/10.1016/j.tim.2015.07.013
https://doi.org/10.1016/j.tim.2015.07.013
https://doi.org/10.3390/v10120706
https://doi.org/10.1146/annurev.phyto.40.120501.101443
https://doi.org/10.1146/annurev.phyto.40.120501.101443
https://doi.org/10.1590/S1984-70332010000400015
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.1038/ismej.2017.158
https://doi.org/10.1038/ismej.2017.158
https://doi.org/10.3389/fmicb.2018.02939
https://doi.org/10.1038/s41587-020-00774-7
https://doi.org/10.1038/s41587-020-00774-7
https://doi.org/10.1038/nrg.2017.82
https://doi.org/10.1038/nrg.2017.82
https://doi.org/10.1093/bioinformatics/bts174
http://refhub.elsevier.com/S0929-1393(23)00216-0/rf0125
http://refhub.elsevier.com/S0929-1393(23)00216-0/rf0125
http://refhub.elsevier.com/S0929-1393(23)00216-0/rf0125
https://doi.org/10.1038/nchembio.1386
https://doi.org/10.1093/femsre/fuy030
https://doi.org/10.1093/femsre/fuy030
https://doi.org/10.1016/j.tim.2022.05.003
https://doi.org/10.1016/j.patter.2020.100052
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1111/nph.18037
https://doi.org/10.1111/nph.15967
https://doi.org/10.1111/nph.15967
https://doi.org/10.1016/j.virol.2011.01.021

L.P.P. Braga et al.

Wei, Z., Jousset, A., 2017. Plant breeding goes microbial. Trends Plant Sci. 22, 555-558.
https://doi.org/10.1016/j.tplants.2017.05.009.

Wei, Z., Yang, T., Friman, V.-P., Xu, Y., Shen, Q., Jousset, A., 2015. Trophic network
architecture of root-associated bacterial communities determines pathogen invasion
and plant health. Nat. Commun. 6, 8413. https://doi.org/10.1038/ncomms9413.

Wei, S., Bian, R., Andika, I.B., Niu, E., Liu, Q., Kondo, H., Yang, L., Zhou, H., Pang, T.,
Lian, Z., Liu, X., Wu, Y., Sun, L., 2019. Symptomatic plant viroid infections in
phytopathogenic fungi. Proc. Natl. Acad. Sci. 116, 13042-13050. https://doi.org/
10.1073/pnas.1900762116.

Applied Soil Ecology 190 (2023) 105018

Wei, S., Bian, R., Andika, I.B., Niu, E., Liu, Q., Kondo, H., Yang, L., Zhou, H., Pang, T.,
Lian, Z., Liu, X., Wu, Y., Sun, L., 2020. Reply to Serra et al.: nucleotide substitutions
in plant viroid genomes that multiply in phytopathogenic fungi. Proc. Natl. Acad.
Sci. 117, 10129-10130. https://doi.org/10.1073/pnas.2001670117.

Zhang, H., Xie, J., Fu, Y., Cheng, J., Qu, Z., Zhao, Z., Cheng, S., Chen, T., Li, B., Wang, Q.,
Liu, X., Tian, B., Collinge, D.B., Jiang, D., 2020. A 2-kb Mycovirus converts a
pathogenic fungus into a beneficial endophyte for brassica protection and yield
enhancement. Mol. Plant 13, 1420-1433. https://doi.org/10.1016/j.
molp.2020.08.016.


https://doi.org/10.1016/j.tplants.2017.05.009
https://doi.org/10.1038/ncomms9413
https://doi.org/10.1073/pnas.1900762116
https://doi.org/10.1073/pnas.1900762116
https://doi.org/10.1073/pnas.2001670117
https://doi.org/10.1016/j.molp.2020.08.016
https://doi.org/10.1016/j.molp.2020.08.016

	Diversity of viruses and viroids in the rhizosphere of common bean cultivars differing in resistance to the fungal root pat ...
	Author contribution
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


