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Abstract 26 

Background: The rhizosphere is a hotspot for microbial activity and contributes to ecosystem 27 

services including plant health and biogeochemical cycling. The activity of microbial viruses, 28 

and their influence on plant-microbe interactions in the rhizosphere, remains undetermined. 29 

Given the impact of viruses on the ecology and evolution of their host communities, 30 

determining how soil viruses influence microbiome dynamics is crucial to build a holistic 31 

understanding of rhizosphere functions. 32 

Results: Here, we aimed to investigate the influence of crop management on the composition 33 

and activity of bulk soil, rhizosphere soil, and root viral communities. We combined viromics, 34 

metagenomics, and metatranscriptomics on soil samples collected from a 3-year crop rotation 35 

field trial of oilseed rape (Brassica napus L.). By recovering 1,059 dsDNA viral populations 36 

and 16,541 ssRNA bacteriophage populations, we expanded the number of underexplored 37 

Leviviricetes genomes by > 5 times. Through detection of viral activity in metatranscriptomes, 38 

we uncovered evidence of <Kill-the-Winner= dynamics, implicating soil bacteriophages in 39 

driving bacterial community succession. Moreover, we found the activity of viruses increased 40 

with proximity to crop roots and identified that soil viruses may influence plant-microbe 41 

interactions through the reprogramming of bacterial host metabolism. We have provided the 42 

first evidence of crop rotation-driven impacts on soil microbial communities extending to 43 

viruses. To this aim, we present the novel principal of <viral priming=, which describes how the 44 

consecutive growth of the same crop species primes viral activity in the rhizosphere through 45 

local adaptation. 46 

Conclusions: Overall, we reveal unprecedented spatial and temporal diversity in viral 47 

community composition and activity across root, rhizosphere soil and bulk soil compartments. 48 

Our work demonstrates that the roles of soil viruses need greater consideration to exploit the 49 

rhizosphere microbiome for food security, food safety, and environmental sustainability.  50 

Key words: Bacteriophage, Crop rotation, Kill-the-winner, Metagenomics, 51 

Metatranscriptomics, Rhizosphere, Roots, Soil viruses, Viral priming, Viromics. 52 
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 3 

Background 54 

Soils harbour organisms from multiple kingdoms of life and provide ecosystems for > 25% 55 

of Earth9s biodiversity [1]. Viruses, the smallest microorganisms in terrestrial ecosystems, 56 

often exceed the number of co-existing bacteria [2], with up to 1010 virus-like particles per 57 

gram of soil [3]. Of particular interest are the viruses of microbes, whose lytic activity provides 58 

top-down control of microbial host populations, and whose expression of viral encoded 59 

auxiliary metabolic genes (AMGs) modulates host metabolism [437]. In marine ecosystems, 60 

viruses have been estimated to turnover ~ 20% of microbial biomass each day [8], resulting 61 

in drastic impacts on ocean carbon and nutrient cycling [9, 10]. Given that there is an estimated 62 

70 times more terrestrial biomass than marine biomass [11], and that viral infection rates are 63 

speculated to be greater in soils than oceans [12], there is significant interest in unearthing 64 

the importance of viruses in terrestrial ecosystems [13, 14]. The physical structure of soil, 65 

however, hinders the extraction and subsequent cultivation of soil viruses, resulting in the 66 

current knowledge gap surrounding the ecological roles of viruses in soils [15]. 67 

Circumventing the requirement to culture viruses and their microbial hosts, metagenomics 68 

and viral size-fractionated metagenomics (viromics), have facilitated the estimation of total 69 

viral community composition and diversity across Earth9s ecosystems [16320]. Moreover, the 70 

recent optimisation of soil viromics protocols [15, 21, 22] and de novo viral prediction tools 71 

[23325] have enabled the systematic characterisation of soil viral communities. However, 72 

conventional DNA approaches are unable to reveal the activity of recovered viruses. To 73 

overcome this, metatranscriptomics can be applied to characterise gene expression through 74 

the quantification of sequenced messenger RNA transcripts [26]. Given that viruses require 75 

host cell machinery for the transcription of their genes, viral activity can be used to indicate 76 

host infection. Additionally, RNA viral genomes can be assembled from metatranscriptomes, 77 

which has revealed the abundance and activity of single-stranded RNA (ssRNA) 78 

bacteriophages (phages) in both non-terrestrial [27329] and terrestrial ecosystems alike [30379 

33]. For example, the discovery and emergent role of a disproportionately understudied class 80 

of ssRNA soil phages in terrestrial biogeochemistry, named Leviviricetes [30, 31]. Despite the 81 

advantages of combining metatranscriptomics with metagenomics to simultaneously 82 

investigate the composition and activity of DNA and RNA viral communities, there has been 83 

no such implementation in previous soil viromics studies. 84 

Plants release ~20% of the carbon assimilated during photosynthesis into the soil through 85 

root exudates [34]. This provides labile nutrients and energy to microorganisms in the soil 86 

adjacent to the root system, known as the rhizosphere. Subsequently, the rhizosphere soil 87 

compartment contains greater microbial density and activity than surrounding bulk soil [35], 88 

and contributes to ecosystem services including plant health and biogeochemical cycling [36389 
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38]. While growing evidence implicates soil viruses in contributing to terrestrial carbon and 90 

nutrient cycling [16, 39343], viruses remain a black box in soil and rhizosphere ecology. It is 91 

unclear whether the rhizosphere is a zone of high viral density and activity, and the effects of 92 

viral activity on plant-microbe interactions remain undetermined.  93 

Agricultural management utilises a variety of strategies to maintain soil fertility and 94 

productivity. The impacts of these on soil and rhizosphere microbiomes have been intensively 95 

studied, with the focus on prokaryote and eukaryote communities [44, 45], while interactions 96 

with viral communities have received little or no attention. Crop rotation is a widespread 97 

practice in which different crop plant species are grown sequentially to improve soil fertility 98 

and reduce pest and pathogen pressures [46, 47]. Subsequently, crop rotation has been 99 

associated with shifts in bacterial, fungal, and archaeal community compositions, with 100 

resulting benefits to crop health and yield [48351]. However, there is no understanding of the 101 

effects of rotation on viral communities, or the associated interactions with microbial 102 

communities. Given the impact of viruses on the ecology and evolution of their host 103 

communities in non-soil systems [52, 53], determining the roles of soil viruses in moderating 104 

microbiome dynamics is crucial to build a holistic understanding of rhizosphere functions [54].  105 

Thus, we aimed to investigate the influence of crop rotation on the composition and activity 106 

of bulk soil, rhizosphere soil, and root viral communities. Combining viromics, metagenomics, 107 

and metatranscriptomics, we recovered novel double-stranded DNA (dsDNA) and ssRNA viral 108 

operational taxonomic units (vOTUs), expanding the number of known Leviviricetes genomes 109 

by > 5 times. Next, we simultaneously estimated the relative contributions of compartment 110 

and crop rotation in shaping the composition of DNA and RNA soil viral communities, relative 111 

to bacterial communities. Lastly, we characterise the spatiotemporal activity of DNA viral 112 

communities across three stages of crop growth, revealing dynamic viral-host interactions 113 

across the root-associated microbiomes.  114 

 115 

Methods 116 

Field site 117 

The field site was established in 2014 at the University of Warwick Crop Centre in 118 

Wellesbourne, UK, following conventional management, as previously described [51]. 8 plots 119 

of 24 m × 6 m were set up as shown in Fig. S1, allowing for 4 replicate samples of the two 120 

crop management practices. Two crop growth strategies of oilseed rape (Brassica napus L.) 121 

were adopted: continuous cropping, whereby oilseed rape was grown for three consecutive 122 

years; and virgin rotation, whereby oilseed rape was grown following two preceding years of 123 
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winter wheat (Triticum aestivum). The soil was a sandy-loam of the Wick series, with 73% 124 

sand, 12% silt, 14% clay, a pH of 6.5 and organic carbon content of 0.8% [55]. 125 

Sample collection 126 

Samples were collected from each plot at three time points (November 2016, March 2017, 127 

June 2017) during the growing season of year 3 (2016/2017). For each sample, eight plants 128 

were taken from the plot by sampling ~1 m into the plot to avoid the edge. Loosely adhered 129 

soil was removed from the roots by tapping. The roots from all eight plants (or for large roots, 130 

6 × ~5 cm root sections were used per plant) were transferred to a 50 mL tube containing 20 131 

mL autoclaved Milli-Q water and shaken for 20 s (first wash). The roots were transferred to a 132 

second tube and washing was repeated (second wash). The first and second washes were 133 

combined and frozen in liquid nitrogen (rhizosphere soil samples). The roots were washed a 134 

final time in 20 mL water, transferred to an empty 50 mL tube, and frozen in liquid nitrogen 135 

(root samples). This whole process was performed in the field in < 5 mins. Bulk soil was 136 

sampled from each plot by selecting areas between plants ~ 50 cm into the plot to avoid the 137 

edge. 2-3 mm of surface soil was removed, and an auger was used to collect soil to a depth 138 

of 15 cm. 8 soil cores were sampled per plot, combined, and added to a falcon tube containing 139 

30 mL water to take the total volume to 45 mL. The tubes were shaken for 40 s and frozen in 140 

liquid nitrogen (bulk soil samples). All samples were stored at 280°C. The rhizosphere soil 141 

and bulk soil samples were subsequently freeze-dried. Root samples were homogenised 142 

under liquid nitrogen using a mortar and pestle.  143 

RNA and DNA extractions 144 

RNA extractions were performed on all root and soil samples from the three time points. 145 

RNA was extracted from 1 g of homogenized root or 2 g of soil (rhizosphere soil or bulk soil) 146 

using the RNeasy PowerSoil Total RNA Isolation Kit (Qiagen, Hilden, Germany) with two 147 

homogenisations in a Fastprep machine (MP Biomedicals) at 5.5 m/s for 30 s, resting on ice 148 

for 5 mins between runs. RNA was eluted in 50 µL elution buffer and 46 µL was subsequently 149 

DNase treated (DNase Max#) according to the manufacturer9s instructions. The DNase was 150 

then removed using the DNase Max# Removal Resin. The RNA was checked for residual 151 

contaminating DNA using 16S rRNA gene universal primers. DNA-free RNA was then purified 152 

using RNAClean XP Beads (New England Biolabs) according to the manufacturer9s 153 

instructions. The RNA was quantified using Qubit RNA BR kit on a Qubit® fluorometer 154 

(Invitrogen, CA, USA).  155 

DNA extractions for total metagenomes and size-fractionated metagenomes (DNA 156 

viromes) were only performed on soil samples from the second time point (March 2017). For 157 

these samples, total DNA was eluted from the same column as the RNA extractions using the 158 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 22, 2022. ; https://doi.org/10.1101/2022.04.22.488307doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.22.488307
http://creativecommons.org/licenses/by-nc-nd/4.0/


 6 

RNeasy PowerSoil DNA Elution Kit (Qiagen, Hilden, Germany), according to the 159 

manufacturer's instructions. The DNA was quantified using Qubit DNA HS and its purity profile 160 

checked using a Nanodrop 2.  161 

Size-fractionated DNA for DNA viromes was extracted from ~ 5 g of soil. Briefly, soil was 162 

mixed into a total volume of 50 mL of sterile PBS and shaken vigorously for ~ 5 mins, before 163 

being gently agitated on a tube roller for 1 hour. Following centrifugation at 500 g to pellet 164 

large material, the supernatant was removed, sequentially filtered through 0.44 µm and 0.22 165 

µm pore size filters and concentrated using Amicon 100 kDa columns as previously described. 166 

The sample was DNAse I treated (1 U/µL) for 60 min at room temperature to remove free 167 

contaminating DNA. Viral fraction DNA was extracted through sequential rounds of phenol: 168 

chloroform as previously described [56].  169 

Library construction and sequencing 170 

RNA sequencing was performed by the Earlham Institute, Norwich, UK. Libraries were 171 

made using the Illumina TruSeq RNA library (HT, non-directional) kit and all libraries were run 172 

across two lanes of the Illumina HiSeq 2500 platform (2 x 150 bp). Following sequencing, 173 

Trimmomatic v0.36 [57] was used to remove any TruSeq adapters from the sequences. 174 

SortmeRNA [58] was then used to separate and retain the rRNA reads. The forward reads 175 

(R1) were quality filtered using VSEARCH with a fast-maxee of 1 and a minimum length of 176 

100 nt. This dataset was used as the raw metatranscriptome for read mapping. 177 

The 16S rRNA gene operational taxonomic unit (OTU) table was generated by first 178 

assigning taxonomy to rRNA reads using QIIME and the SILVA database (version 132) at 179 

99% identity. Then, only reads assigned to bacteria (representing 16S rRNA gene transcripts) 180 

were retained, while reads assigned to mitochondria or chloroplasts were removed.  181 

Libraries for total metagenome sequencing were prepared and sequenced by Novogene 182 

Ltd on an Illumina HiSeq (2 x 150 bp). 183 

Libraries for DNA virome sequencing were prepared using 1 ng of input DNA for the 184 

NexteraXT library preparation, following the manufacturer9s instructions. Libraries were 185 

sequenced on an Illumina MiSeq in 2 flow cells using v3 chemistry (2 x 300 bp). 186 

Read processing and assembly 187 

Metatranscriptome reads were quality filtered and trimmed with trim_galore v0.5.0_dev, 188 

and then assembled with SPAdes v3.14.0 [59, 60] using the script rna.spades.py and default 189 

settings. Total metagenome reads were quality filtered and trimmed with trim_galore 190 

v0.5.0_dev [61], and then assembled with MEGAHIT v1.2.9 [62, 63] using 3kmer steps of 191 

<27,37,47,57,67,77,87,97,107,117,127,137,141=. DNA virome reads were quality filtered and 192 
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trimmed with sickle v1.33. Viral DNA libraries were then assembled with MEGAHIT using 3193 

kmer steps of <21,41,61,81,101,121,141,161,181,201,221,241,249=.  194 

Recovery of viral populations 195 

dsDNA viral contigs were predicted from the pooled assembled reads from all soil samples, 196 

independently for each of the three libraries, i.e., DNA virome, total metagenome and 197 

metatranscriptome. For the DNA virome and metatranscriptome, viral contigs were predicted 198 

with DeepVirFinder v1.0 [25] and filtered for � < 0.05 (estimated for false discovery rate of 199 

0.1) and contig length g 10 kb. For the total metagenome, viral contigs were predicted with 200 

VIBRANT v1.0.1 [24] and filtered for contig length g 10 kb, with proviral sequences > 5 kb 201 

retained. dsDNA viral contigs predicted from the three libraries were combined and de-202 

duplicated at 95% nucleotide identity across 95% of the contig length using CD-HIT v4.6 [64] 203 

to define 1,059 non-redundant vOTUs, representing approximately species-level dsDNA viral 204 

populations, in accordance with benchmarking [65]. To determine whether any recovered 205 

vOTUs represented previously isolated phage species, we computed the pairwise MinHash 206 

genome distances (�) to a custom database of all complete phage genomes that were 207 

available at the time (May 2020) [66] using MASH v2.0 [67]. Average nucleotide identity (ANI) 208 

was estimated by 1 2 �, and two genomes with ANI values g	95% were considered to 209 

represent the same species.  210 

Positive-sense ssRNA phage contigs were predicted from the pooled assembled 211 

metatranscriptome reads for each soil sample [27]. The resulting contigs were de-duplicated 212 

at 100% global identity using CD-HIT to identify 187,588 non-redundant ssRNA phage contigs, 213 

representing 16,541 ssRNA phage vOTUs (containing three core genes in any order). 11,222 214 

vOTUs were assumed to represent near-complete genomes, given the presence of three full-215 

length core genes [27]. 216 

Characterisation of viral populations 217 

All dsDNA vOTUs were annotated with Prokka v1.14.6 [68] using the Prokaryotic Virus 218 

Remote Homologous Groups (PHROGs) database [69] and the metagenome flag. Additional 219 

annotations were provided with eggNOG-mapper v2 [70, 71] with default settings. Genes 220 

putatively involved in metabolism were identified by clusters of orthologous groups (COGs): 221 

C, E, F, G, H, I, P and Q. 222 

Taxonomic assessment of vOTUs was achieved with vConTACT2 v0.9.13 using <2rel-223 

mode Diamond=, <2vcs-mode ClusterONE=, and a custom phage genome database (May 224 

2020) [66] with all other settings set to default. The resultant genome network was visualised 225 

in R v4.0.5 using ggnet2 from GGally v2.1.2 [72] and the Fruchterman-Reingold force-directed 226 
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algorithm. vOTUs were assigned into viral clusters (VCs) when clustering was significant (� < 227 

0.05) and classified as outliers to the VC when clustering was non-significant. All unclustered 228 

vOTUs were classified as singletons.  229 

ssRNA phages were classified into orders and families based on core protein isoforms [73], 230 

while genera and species were estimated using previously established RdRp gene clustering 231 

thresholds [27]. Phylogenetic assessment was performed on the concatenated core protein 232 

sequences aligned with MAFFT v7.271 [74]. Phylogenetic trees were constructed with 233 

FastTree v2.1.8 [75] using default settings and visualised in R using ggtree v2.5.3 [76378].  234 

Putative temperate phages were identified using previously described methods [79, 80]. 235 

Briefly, this identified temperate vOTUs encoding a protein associated with lysogeny or 236 

clustering with a known temperate phage. Additionally, vOTUs representing proviral 237 

sequences were assigned as temperate. Non-temperate vOTUs were assigned as lytic. 238 

Bacterial hosts were predicted using WIsH v1.0 [81] and a null model trained against 9,620 239 

bacterial genomes as previously described [79]. Host predictions were filtered for � < 0.05 240 

and were presented at the genus level.  241 

vOTU abundance and viral gene activity 242 

DNA vOTU abundance was estimated by mapping DNA virome and total metagenome 243 

reads against a database of viral genomes (including non-redundant dsDNA vOTUs recovered 244 

in this study and all complete phage genomes in the custom phage database) using BBMap 245 

within BBTools [82] with <minid = 0.9=. vOTUs were only considered present in a sample if g 246 

75% of the contig length was covered g 1 × by reads, as recommended [65, 83]. Given that 247 

the DNA virome and total metagenome libraries were only constructed in March 2017, DNA 248 

viral community compositions were only investigated at the stem extension growth stage. For 249 

detection of ssRNA phage vOTUs in RNA libraries, we used the above method and thresholds 250 

with the additional flag <ambig =	random=. ssRNA phage community compositions were 251 

compared across seedling, stem extension, and pre-harvest growth stages. For the detection 252 

of DNA vOTU gene transcripts in RNA libraries, BAM files were sorted and indexed with 253 

SAMtools v1.10 [84]. BEDtools v2.26.0 [85] was used to extract read counts for each gene 254 

loci. Resulting read counts were filtered for g 4 gene reads mapped across the replicates of 255 

each soil sample, with those < 4 converted to zero in each sample replicate. DNA vOTUs 256 

were identified as active when metatranscriptome reads mapped to g 1 gene per 10 kb of the 257 

genome, as others have used previously [16]. 258 
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Data analysis and visualisation 259 

All statistical analyses were conducted using R v4.0.5 [86]. Relative vOTU abundance 260 

values (counts per kilobase million, CPM) were computed by normalising read counts by 261 

genome length and library sequencing depth. The median of CPM values derived from the 262 

DNA virome and total metagenome libraries were computed to generate one abundance value 263 

per vOTU per sample. Viral community alpha diversity was described with Shannon9s � index 264 

computed on vOTU CPM profiles with phyloseq v1.34.0 [87]. Viral community beta diversity 265 

was described by computing a Bray-Curtis dissimilarity matrix from square-root transformed 266 

vOTU CPM profiles using vegan v2.5-7 [88], and subsequently visualised with non-metric 267 

multidimensional scaling (NMDS) ordination using vegan. Similarly, relative gene abundance 268 

values (transcripts per kilobase million, TPM) were computed by normalising read counts by 269 

gene length and library sequencing depth. Beta diversity in viral community activity was 270 

described in the same way as viral community composition. Two-way analysis of variance 271 

(ANOVA) tests and Tukey9s honestly significant differences (HSDs) were computed with stats 272 

v4.05. Permutational multivariate analysis of variance (PERMANOVA) tests and Mantel tests 273 

using Pearson9s product-moment correlation were performed with vegan. Linear mixed effect 274 

models were implemented using lmerTest v3.1-3 [89]. Differential abundance analysis was 275 

performed on raw read counts with DESeq2 v1.30.1 [90]. Plots were generated with ggplot2 276 

v3.3.3 [91].  277 

 278 

Results 279 

Significant expansion of plant root-associated viruses identified from field-280 

grown oilseed rape 281 

To determine viral community composition across root/soil compartments and crop rotation 282 

practices, we recovered vOTUs from samples outlined in Fig. 1. A total of 1,059 non-283 

redundant dsDNA vOTUs were recovered from the size-fractionated metagenome (DNA 284 

virome), total metagenome, and metatranscriptome libraries, with only one vOTU belonging 285 

to a previously isolated phage species (Table S2). The reconstruction of viral sequences from 286 

the metatranscriptome yielded 521 (49.8% of total) dsDNA vOTUs, which were not assembled 287 

from either of the DNA libraries (i.e., DNA virome and total metagenome). Additionally, a total 288 

of 16,541 non-redundant ssRNA phage vOTUs were recovered from the metatranscriptome, 289 

with 11,222 of these vOTUs representing near-complete ssRNA phage genomes. 290 

Next, we performed shared protein-based classification to investigate the similarity of 291 

recovered vOTUs with all currently available phage genomes, using vConTACT2 [92]. The 292 

resultant network contained viral clusters (VCs) representing roughly genus-level taxonomic 293 
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groups (Fig. 2A); 262 (24.7% of total) dsDNA vOTUs and 7,677 (46.4% of total) ssRNA phage 294 

vOTUs formed 95 and 884 VCs, respectively (Table S2; Table S3). However, only 10 of these 295 

VCs contained phage genomes that had been previously isolated, demonstrating the 296 

undiscovered viral diversity found in this study. The proportion of dsDNA vOTUs forming 297 

genus-level VCs was similar across each library used to assemble vOTUs, and consistently 298 

lower than ssRNA phage vOTUs (Fig. 2B). Using previously established criteria [27], ssRNA 299 

phage vOTUs were resolved into 909 genera and 2,440 species within the class Leviviricetes 300 

(Table S3). This included 683 (75.1% of total) new genera and 2,379 (97.5% of total) new 301 

species, further highlighting the vast novel taxonomic diversity in the ssRNA phage vOTUs.  302 

Novel ssRNA phage diversity was further interrogated by constructing a phylogeny of 303 

11,222 near-complete ssRNA phage vOTUs and all currently available Leviviricetes genomes 304 

(Fig. S2). 6,217 (55.4% of total) near-complete ssRNA phage vOTUs were resolved into 557 305 

new genera, across all five existing Leviviricetes families (Table S3). This revealed the 306 

extension on existing Leviviricetes diversity found in other ecosystems [27329, 31] and the 307 

expansion of the known number of Leviviricetes genomes by > 5 times.  308 

To understand the potential ecological roles of soil viruses, we predicted the lifestyles and 309 

hosts of recovered vOTUs. Only 105 (9.9% of total) dsDNA vOTUs were predicted to represent 310 

temperate phages, indicating that the majority were likely to be obligately lytic (Table S2). In 311 

contrast, it was assumed that none of the ssRNA phage vOTUs were temperate, given that 312 

there has been no reported lysogeny among Leviviricetes phages. Bacterial hosts were 313 

predicted de novo for 518 (48.9% of total) dsDNA vOTUs and 1,691 (10.2% of total) ssRNA 314 

phage vOTUs using a probabilistic model [81]. The most common host taxonomic class varied 315 

depending on the library that the vOTUs were assembled from (Table S2; Table S3); 316 

gammaproteobacterial hosts were the most common among DNA virome-assembled vOTUs 317 

(61.2% of assigned hosts), actinobacterial hosts were the most common among total 318 

metagenome-assembled vOTUs (37.7% of assigned hosts), and betaproteobacterial hosts 319 

were the most common among metatranscriptome-assembled vOTUs (68.7% of assigned 320 

hosts) (Fig. 2C). A single, uncultured alphaproteobacterial host genus was the most common 321 

among ssRNA phage vOTUs (91.5% of assigned hosts) (Fig. 2C). 68/85 (80.0%) of the 322 

bacterial genera putatively infected by dsDNA vOTUs were detected in our soil samples, while 323 

only 3/12 (25.0%) of the bacterial genera putatively infected by ssRNA phage vOTUs were 324 

detected (Table S4).  325 

The prevalence of the vOTUs recovered in this study was compared by detecting vOTU 326 

sequences through read mapping, from the DNA libraries (for dsDNA vOTUs) and 327 

metatranscriptomes (for ssRNA vOTUs). Despite sampling not achieving a richness 328 

asymptote, 698 DNA vOTUs were detected in at least one sample (Fig. S3A). This included 329 
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382/420 (91.0%) DNA virome-assembled vOTUs, 116/129 (89.9%) total metagenome-330 

assembled vOTUs, 215/527 (40.8%) metatranscriptome-assembled vOTUs, and one 331 

previously isolated ssDNA phage genome (Table. S2). DNA virome-assembled vOTUs were 332 

detected in a mean of 1.60 samples and represented 80.9% of all DNA vOTUs present in only 333 

one sample. Total metagenome-assembled vOTUs were detected in a mean of 2.83 samples, 334 

while metatranscriptome-assembled vOTUs were detected in a mean of 4.31 samples and 335 

represented 70.6% of the vOTUs detected in at least half of the samples. As with the dsDNA 336 

vOTUs, the sampling of ssRNA phage vOTUs did not reach a richness asymptote, with 337 

12,162/16,541 (73.5%) vOTUs detected in at least one sample metatranscriptome (Fig. S3B).  338 

By mapping metatranscriptome reads to vOTU gene sequences, we identified 827 (78.1% 339 

of total) active dsDNA vOTUs, including 296/420 (70.5%) DNA virome-assembled vOTUs, 340 

104/129 (80.6%) total metagenome-assembled vOTUs, and 444/527 (84.3%) 341 

metatranscriptome-assembled vOTUs (Table S5). Additionally, 63 previously isolated dsDNA 342 

and ssDNA phage genomes were identified as active in at least one sample. The median 343 

relative activity of dsDNA vOTUs assembled from the metatranscriptome was 10.2 and 11.6 344 

times greater than vOTUs assembled from the total metagenome and DNA virome, 345 

respectively. 346 

Plant root association and crop rotation shapes both DNA and RNA viral 347 

community composition 348 

The alpha diversity of viral communities was compared across root/soil compartments, 349 

using the Shannon9s � diversity index computed on the relative vOTU abundances for each 350 

sample (Fig. 3A). Two-way ANOVA tests were performed, revealing the significant effect of 351 

compartment in driving the diversity of both DNA viral communities (� = 5.116, �� = 1, � = 352 

0.0431) and ssRNA phage communities (� =	101.344, �� = 2, �	 < 0.0001). For subsequent 353 

analyses of ssRNA phage communities across compartments, we chose to exclude the roots 354 

given that their very low richness and diversity inflated overall compartmental differences. 355 

Next, we investigated the dissimilarities between viral communities through NMDS 356 

ordinations (Fig. 3B). PERMANOVA tests identified that both compartment (8.6-14.7% 357 

variance) and crop rotation (10.3-19.2% variance) had significant contributions to the 358 

differences in viral community composition at each growth stage (Fig. 3C; Table S6). Despite 359 

compartment contributing to > 2 times the variation in co-existing bacterial community 360 

composition, the contribution of crop rotation was similar for viruses and bacteria. 361 

Subsequently, Mantel tests revealed significant correlations between bacterial community 362 

composition and both DNA viral communities (� = 0.3301, � = 0.0039) and ssRNA phage 363 

communities (� = 0.4642, � = 0.0001).  364 
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Given the vast richness of Leviviricetes found in this study, we interrogated compartmental 365 

differences further by describing the composition of Leviviricetes families across root, 366 

rhizosphere soil, and bulk soil compartments (Fig. S4). This indicated a high degree of spatial 367 

structuring among ssRNA phage communities, even at the family level, with additional smaller 368 

effects of crop rotation and growth stage.  369 

Continuous cropping drives the emergence of distinct, active DNA viruses in 370 

seedling rhizospheres 371 

To uncover the potential drivers of viral activity, we first explored the number of active DNA 372 

vOTUs detected in metatranscriptomes across root/soil compartments over time (Fig. S5). A 373 

two-way ANOVA test was performed, revealing significant effects of compartment (� =374 

	218.546, �� = 2, �	 < 0.0001), crop rotation (� =	139.185, �� = 1, �	 < 0.0001), and growth 375 

stage (� =	508.088, �� = 2, �	 < 0.0001) on active vOTU prevalence. It took until stem 376 

extension for differences between rotation practices to be observed in the bulk soil and roots, 377 

while differences in rhizosphere soil were apparent from the seedling stage (Fig. S5). In fact, 378 

there were 196 active vOTUs detected in the seedling rhizosphere under continuous cropping 379 

which were absent in the seedling rhizosphere under virgin rotation. The relative activity of 380 

these vOTUs increased over time (� = 51.764, �� = 2, �	 < 0.0001), particularly in 381 

rhizosphere soil under continuous cropping (Fig. S6).  382 

To investigate the ecological consequences of active vOTUs on their hosts, we trained 383 

linear mixed effect models, using compartment as a random effect. This revealed significant 384 

linear relationships between active vOTUs and both bacterial host abundance (� = 20.039, 385 

� < 0.0001, Table S7; Fig. S7A) and bacterial community alpha diversity (� = 0.001, � = 386 

0.0147, Table S8; Fig. S7B). 387 

Rhizosphere enrichment of DNA viral activity displays a spatial gradient 388 

The dissimilarity between total viral community activity at each growth stage was 389 

investigated with NMDS ordinations (Fig. 4A). PERMANOVA tests revealed the significant 390 

and dynamic contributions of both compartment (22.5-35.8% variance) and crop rotation 391 

(19.1-41.0% variance), such that the effect of crop rotation increased over time, while the 392 

effect of compartment decreased (Fig. 4B; Table S9). Comparing these effects on the activity 393 

of vOTUs assembled from each library independently revealed that compartmental differences 394 

were greatest among metatranscriptome-assembled vOTUs (Fig. S8; Table S10).  395 

To further interrogate compartment-specific viral activity, we first identified differentially 396 

active viral genes in either rhizosphere soil or bulk soil. This found ~ 14 times more genes 397 

(3,589 vs. 250) with significantly greater activity in the bulk soil (relative to rhizosphere soil) 398 

than in rhizosphere soil (relative to the bulk soil). We then compared the total activity of these 399 
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genes across all compartments, revealing that > 78% of viral community activity was soil 400 

compartment enriched (Fig. S9). Furthermore, rhizosphere-enrichment of viral activity 401 

displayed a spatial gradient, representing a greater proportion of total community activity at 402 

the roots than in rhizosphere soil. 403 

Given that previous research has associated viruses with modulating their hosts9 404 

metabolism, we investigated the proportion of viral community activity encoding metabolic 405 

functions (Fig. S10). A two-way ANOVA was performed, identifying significant effects of both 406 

compartment (� =	67.682, �� = 2, �	 < 0.0001) and growth stage (� =	11.098, �� = 2, �	 < 407 

0.0001) on viral-encoded metabolic activity. 408 

 409 

Discussion 410 

Novel, diverse, and active ssRNA phages in plant root-associated ecosystems 411 

In the present study, we have demonstrated that ssRNA phages were both abundant and 412 

active across root, rhizosphere soil and bulk soil compartments. In doing so, we have 413 

expanded the number of Leviviricetes genomes by > 5 times and identified 683 new genera 414 

and 2,379 new species (Table S3). The existing phylogeny defined from a variety of 415 

ecosystems remained stable with the addition of the new viral sequences we recovered [273416 

29, 31, 73] (Fig. S2). In addition to uncovering novel diversity, we discovered compartmental 417 

differences in ssRNA phage communities (Fig. 3C), such that the composition of Leviviricetes 418 

families varied with proximity to crop roots (Fig. S4). This is the first time that ssRNA phage 419 

communities have been investigated at the root surface, and the first evidence of plant roots 420 

shaping their community composition. In combination with recent investigations of 421 

Leviviricetes in terrestrial ecosystems [30, 31], our discovery emphasises the 422 

underappreciation of RNA viruses in soils, relative to DNA viruses. 423 

We hypothesise that the trend of Leviviricetes across compartments mirrors host 424 

populations, given the significant correlation observed between phage and host communities, 425 

and that phages require their hosts to replicate. This phenomenon is indicative of predator-426 

prey dynamics, which have been previously demonstrated to link phage and bacterial 427 

population abundances in soil crust [93]. Furthermore, the dynamic changes in the relative 428 

abundances of ssRNA phages is likely to represent substantial viral reproduction, indicating 429 

the active infection of bacterial hosts. ssRNA phages have been established to infect 430 

Pseudomonadota [94, 95], a highly abundant soil phylum including key participants in the 431 

cycling of carbon, nitrogen, and sulphur [96]. Therefore, by driving the turnover of bacteria, 432 

the diverse, abundant, and active ssRNA phages recovered in this study are expected to 433 

impact terrestrial biogeochemical cycling. Our de novo host predictions suggest that ssRNA 434 
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phages infect additional bacteria outside of the current Alphaproteobacteria and 435 

Gammaproteobacteria model systems [94, 95] (Fig. 2C). This highlights the underestimated 436 

potential of ssRNA phages in the turnover of host populations across root-associated 437 

ecosystems. Thus, the development of further model systems, involving cultivation of both 438 

phage and its host, is imperative to investigate the impacts of ssRNA phages on rhizosphere 439 

ecology. 440 

Viral-host interactions across root-associated microbiomes 441 

Through their detection across root, rhizosphere soil, and bulk soil compartments, we were 442 

able to implicate active DNA viruses in shaping co-existing bacterial communities. The 443 

majority of the vOTUs recovered in this study were likely to represent lytic dsDNA phages, 444 

given almost half of the dsDNA vOTUs had predicted bacterial hosts (Fig. 2C) and the 445 

prevalence of lysogeny was low (Table S2). Lytic viral activity was evidenced by a negative 446 

association between active vOTUs and co-existing bacterial host abundance (Figure S7A; 447 

Table S7). Furthermore, active vOTU prevalence was positively associated with bacterial 448 

community diversity (Figure S7B; Table S8), potentially implicating viral activity in driving 449 

bacterial diversity (or vice versa). These are features of the <Kill-the-Winner= hypothesis, which 450 

predicts that the population growth of dominant bacterial species is limited by viral lysis [97, 451 

98]. In driving the turnover of host populations, phages are likely to contribute to bacterial 452 

community succession and the maintenance of community diversity. Despite there being very 453 

limited previous evidence of Kill-the-Winner dynamics occurring in soils [93], other predator-454 

prey dynamics, notably bacterial predation by protists and nematodes, has long been 455 

associated with changes to microbial community composition [99]. But given that viruses are 456 

more selective in their infection of specific host taxa, viral-host interactions are likely to be 457 

more variable in space and time. Accordingly, the increasing prevalence of active vOTUs 458 

observed across the growing season (Fig. S5) suggests that Kill-the-Winner dynamics exhibits 459 

temporal variation in soil. This implies that the impact of soil viral activity may increase over 460 

the crop growth season, as the root-associated microbiome matures.  461 

By comparing the activity of viral communities between soil compartments, we observed 462 

that most viral activity was enriched in either rhizosphere soil or bulk soil (Fig. S9). Moreover, 463 

we revealed a spatial gradient of viral activity across the root-associated microbiomes, 464 

indicating that viruses could have soil niche-specific functions. Viral infection can result in the 465 

modulation of microbial host metabolism through the expression of viral-encoded AMGs, as 466 

evidenced in marine ecosystems [437]. The previous identification of AMGs relating to carbon 467 

acquisition and processing has implicated soil viruses in terrestrial carbon and nutrient cycling 468 

[16, 39, 42, 43]. Here, we have extended these previous efforts by characterising the activity 469 

of viral-encoded metabolic genes, whose combined relative activity increased with proximity 470 
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to crop roots (Figure S10). This parallels the enrichment of microbial activity in the root-471 

associated microbiomes [35]. Thus, soil viruses may contribute to rhizosphere ecology and 472 

function through the augmented reprogramming of host metabolism, which could act either 473 

antagonistically or synergistically with plants in the control of their root-associated 474 

microbiomes [54]. 475 

Viral priming in the crop rhizosphere 476 

Previous studies have demonstrated the impacts of crop management practices on 477 

bacterial, fungal, and nematode communities in the rhizosphere [49, 50]. By comparing viral 478 

communities associated with continuous cropping and virgin rotation, we have provided the 479 

first evidence of crop rotation-driven impacts on soil microbial communities extending to 480 

viruses. In fact, differences in viral community composition (Fig. 3C) and activity (Fig. 4B) 481 

were sometimes greater between crop rotation practices than between soil compartments. 482 

Furthermore, we detected significantly more active vOTUs in the seedling rhizosphere under 483 

continuous cropping than in the seedling rhizosphere of the crop grown in virgin rotation (Fig. 484 

S5). We propose the principal of <viral priming= to explain this observation; viruses remaining 485 

in the soil from the previous growing season were adapted to infect hosts colonising the 486 

juvenile rhizosphere in the current season, only under continuous cropping. Put simply, a 487 

greater number of viruses were actively infecting hosts to which they had been previously 488 

exposed to. Subsequent differences between rotation practices at the seedling stage were 489 

limited to the rhizosphere given the similarity of bacterial communities observed in the bulk 490 

soil (Fig. S11). The required persistence of viruses between growth seasons could have been 491 

facilitated by (i) the continuous presence of susceptible hosts, (ii) clay particles providing 492 

protection from degradation [100], and/or (iii) low soil temperatures preventing viral 493 

inactivation [101].  494 

The local adaptation that allows priming viruses to infect hosts colonising the rhizosphere 495 

can be explained by antagonistic coevolution. A study in soil microcosms demonstrated that 496 

the fitness cost of phage resistance among bacteria limited their resistance to include only co-497 

occurring phages [102]. Meanwhile among soil phages, a high level of local adaptation has 498 

been shown to result in greater infection rates of co-existing rhizobia strains, as compared to 499 

geographically distant strains [103]. Therefore, given the elevated fitness cost of resistance, 500 

specific to the rhizosphere [54], newly colonising bacteria are likely to be susceptible to primed 501 

viruses. Patterns of phage-bacteria coevolution have previously been observed on the 502 

centimetre scale within soils [104], indicating the feasibility for viral priming to occur specifically 503 

in the rhizosphere. In contrast, under virgin rotation, viruses remaining in the soil following the 504 

harvest of wheat were maladapted to infect the distinct bacterial community that colonised the 505 

seedling rhizosphere of the new crop (Fig. S11). Continuous crop growth has been used to 506 
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explain the accumulation of plant fungal pathogens in rhizosphere soil, which were shown to 507 

result in crop yield decline [51]. We speculate that greater viral activity under continuous 508 

cropping, due to viral priming, could play a role in regulating both deleterious and beneficial 509 

plant-microbe interactions, thus impacting plant health and yield. Moreover, given that the 510 

activity of primed viruses increased across growth stages (Fig. S6), there is likely to be a 511 

significant and increasing impact of viral priming on the root-associated microbiomes 512 

throughout the growing season. While the net positive or negative consequences of viral 513 

priming are yet to be elucidated, we have provided evidence that crop rotation mitigates viral 514 

priming activity in the rhizosphere.  515 

Combining metatranscriptomics with metagenomics and viromics to study soil 516 

viral communities 517 

We also demonstrate that integrating metatranscriptomics with conventional DNA-based 518 

omics approaches mitigates any potential failure to capture ecologically significant viral 519 

communities. To describe viral populations, we simultaneously recovered viral genomes from 520 

a DNA virome, total metagenome, and metatranscriptome. Remarkably, almost half of the 521 

dsDNA vOTUs presented here were assembled from the metatranscriptome alone (Table S2), 522 

despite there being no precedent for this recovery method in previous viral ecology studies. 523 

Different vOTUs can be recovered between DNA libraries as a result of the library preparation 524 

method used, particularly size-filtration to obtain the DNA virome, which has been confirmed 525 

to underrepresent viruses with larger capsid sizes [105]. However, this is the first time that 526 

DNA viral genomes have been simultaneously recovered from DNA and RNA libraries using 527 

the same viral prediction tools and thresholds. 528 

The average prevalence of metatranscriptome-assembled vOTUs was greater than those 529 

assembled from DNA libraries, which may have been responsible for our ability to observe 530 

greater compartmental differences among these vOTUs (Fig. S8). Previously, total 531 

metagenomes have been shown to bias towards the most persistent viruses, capable of 532 

infecting the most abundant host organisms [106]. However, many of the highly prevalent 533 

metatranscriptome-assembled vOTUs eluded recovery from the total metagenome. Recently 534 

it has become apparent that the hyper-modification of phage DNA prevents the sequencing of 535 

certain phage genomes [107, 108]. Subsequently, many phage genomes remain absent in 536 

DNA metagenomic samples prepared using transposon-based library methods, as used in 537 

this study. Transcriptomics has previously been used to assemble the genome of phage 538 

YerA41 from phage-infected cells, thus overcoming the unknown DNA modification that 539 

prevented DNA sequencing [109]. The assembly of phage genomes eluding standard DNA 540 

sequencing methods, in addition to differences in library sizes, could explain why so many 541 

dsDNA vOTUs were exclusively recovered from the metatranscriptome. 542 
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Upon further investigation of the vOTUs assembled from each library, we observed 543 

consistently high taxonomic novelty (Fig. 2B), but large shifts in the most common bacterial 544 

host phyla (Fig. 2C). This indicates possible ecological differences in the viruses accessed by 545 

each method, highlighting the value of their combination for describing viral ecology. In 546 

addition to its role in reconstructing viral genomes, we implemented metatranscriptomics to 547 

detect active vOTUs and characterise viral community activity. Subsequently, we were able 548 

to distinguish the ecologically active viral fraction from the <banked= viruses remaining dormant 549 

in viral communities at the time of sampling [15, 110]. Furthermore, we have demonstrated 550 

that the metatranscriptome accessed the most active viruses, which are vital for investigations 551 

of viral ecology, given that viral activity implies the presence and susceptibility of co-existing 552 

host organisms. In fact, almost half of the rhizosphere priming viruses were exclusively 553 

accessed by the metatranscriptome. This presents the metatranscriptome as a useful, yet 554 

underutilised, tool to study soil viral communities.  555 

 556 

Conclusions 557 

In summary, we aimed to investigate the influence of crop rotation on the composition and 558 

activity of bulk soil, rhizosphere soil, and root viral communities. Combining viromics, 559 

metagenomics, and metatranscriptomics, we recovered 1,059 dsDNA vOTUs, with almost half 560 

of them assembled from the metatranscriptome alone. We also recovered thousands of 561 

ssRNA phage vOTUs, including 683 new genera and 2,379 new species, and expanding the 562 

number of Leviviricetes genomes by > 5 times. By describing ssRNA phage communities at 563 

the root surface for the first time, we emphasise their underappreciation in soil, as compared 564 

to DNA viruses. Furthermore, we revealed spatiotemporal viral activity indicative of <Kill-the-565 

Winner= dynamics and postulate that viral reprogramming of host metabolism is greater in the 566 

rhizosphere than in bulk soil. We also provided the first evidence of crop rotation-driven 567 

impacts on soil microbial communities extending to viruses, proposing the novel principal of 568 

<viral priming= in the rhizosphere. Our work demonstrates that the roles of soil viruses need 569 

greater consideration to exploit the rhizosphere microbiome for food security, food safety, and 570 

environmental sustainability. Future studies should continue to investigate soil viral activity 571 

with relation to rhizosphere ecology to provide a framework by which we can manage viral 572 

communities within agricultural ecosystems. Critically, viruses should be universally included 573 

in plant microbiome studies, particularly where these microbiomes have implications for 574 

agricultural productivity. 575 

 576 
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 881 

 882 

Fig. 1: Overview of sampling strategy. A Schematic of sampled crop rotation practices. 883 

Four plots employed continuous cropping (left, orange) whereby oilseed rape was grown for 884 

three consecutive years. Another four plots employed virgin rotation (right, blue) whereby 885 

oilseed rape was grown following two preceding years of winter wheat. Eight plants were taken 886 

from each plot to generate each sample during the third year of crop growth. B Schematic of 887 

sampled compartments. Samples were taken from bulk soil (circles), rhizosphere soil 888 

(triangles), and roots (squares). C Libraries constructed for each sampling time point. Tick 889 

icon indicates data library construction for the given time point. Seedling samples were taken 890 

in November (N); stem extension samples were taken in March (M); pre-harvest samples were 891 

taken in June (J).  892 
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Fig. 2: Taxonomic diversity and predicted hosts for recovered viral populations. A 895 

Shared protein content of recovered vOTUs with all currently available phage genomes, as 896 

determined by vConTACT2. Network graph visualisation includes 262 clustered dsDNA 897 

vOTUs (red nodes), 7,677 clustered ssRNA phage vOTUs (blue nodes), and 12,586 clustered 898 

reference DNA and RNA phage genomes (grey nodes). B Formation of genus-level viral 899 

clusters by recovery library. Relative proportion of vOTUs that formed viral clusters with 900 

previously isolated phage genomes (green), without previously isolated phage genomes 901 

(orange), and singletons i.e., those that are did not form viral clusters (pink) for dsDNA vOTUs 902 

(left) and ssRNA phage vOTUs (right). C Putative bacterial host phyla of vOTUs by recovery 903 

library. Relative proportion of vOTUs predicted to infect bacterial host phyla for dsDNA vOTUs 904 

(left) and ssRNA phage vOTUs (right). vOTUs with unknown host genera are excluded. Bar 905 

fill colour indicates bacterial host phylum for the top 10 most common host phyla. 906 

Proteobacteria are separated into classes. <Other= represents remaining host phyla.  907 
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Fig. 3: Diversity in viral community composition. A Alpha diversity of DNA viral community 910 

composition and ssRNA phage community composition. Mean alpha diversity indexes 911 

(Shannon9s �) for each viral community composition across compartments, at each crop 912 

growth stage. Shapes are coloured based on field crop rotation strategy: continuous cropping 913 

(orange) and virgin rotation (blue). Shapes indicate compartment: bulk soil (circles), 914 

rhizosphere soil (triangles), and roots (squares). Error bars denote a 95% confidence interval 915 

around the mean. B Beta diversity of DNA viral community composition and ssRNA phage 916 

community composition. Non-metric multidimensional scaling (NMDS) ordination plots, 917 

representing the dissimilarities between community compositions, for each growth stage. 918 

Ordinations represent community compositions containing ssRNA phages at seedling (n = 919 

8,125), ssRNA phages at stem extension (n = 6,936), DNA viruses at stem extension (n = 920 

698), and ssRNA phages at pre-harvest (n = 10,998). Shapes are coloured based on field 921 

crop rotation strategy: continuous cropping (orange) and virgin rotation (blue). Shapes indicate 922 

compartment: bulk soil (triangles) and rhizosphere soil (circles). Stress values associated with 923 

two-dimensional ordination are reported for each plot. C Variation in community composition 924 

explained by soil compartment and crop rotation. PERMANOVA results describe the variance 925 

in community composition explained by soil compartment and crop rotation, respectively, for 926 

each growth stage. Points are coloured based on community: ssRNA phage community (blue), 927 

DNA viral community (red), and bacterial community (grey). 928 
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 930 

 931 

Fig. 4: Diversity in viral community activity. A Beta diversity of DNA viral community 932 

activity. Non-metric multidimensional scaling (NMDS) ordination plots, representing the 933 

dissimilarities between gene transcript abundances, for each growth stage. Ordinations 934 

represent DNA viral activity at seedling (n = 6,696), DNA viral activity at stem extension (n = 935 

7,958), and DNA viral activity at pre-harvest (n = 11,299). Shapes are coloured based on field 936 

crop rotation strategy: continuous cropping (orange) and virgin rotation (blue). Shapes indicate 937 

compartment: bulk soil (circles) and rhizosphere soil (triangles). Stress values associated with 938 

two-dimensional ordination are reported for each plot. B Variation in community activity 939 

explained by soil compartment and crop rotation. PERMANOVA results describe the variance 940 

in viral community activity explained by soil compartment and crop rotation, respectively, for 941 

each growth stage. Points are coloured based on community: DNA viral (red).  942 
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 944 

 945 

Supplementary Figure S1: Overview of field site. A Photograph of field site, including 946 

twelve plots, taken between stem extension and pre-harvest growth stages in the third year of 947 

the trial in 2017. B Schematic of field site, representing twelve plots. Coloured plots indicate 948 

the two crop rotation practices sampled in this study: continuous cropping (orange) and virgin 949 

rotation (blue). Hashed plots were not sampled in this study. Expanded plot indicates that 950 

eight plants were sampled per plot to represent one replicate of each crop rotation practice.  951 
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 953 

 954 

Supplementary Figure S2: Phylogenetic assessment of ssRNA phage vOTUs. Phylogeny 955 

of ssRNA phage vOTUs using concatenated core protein sequences (maturation protein, coat 956 

0.4
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protein, and RNA-dependent RNA polymerase). Phylogenetic tree contains 1,868 existing 957 

Leviviricetes phage sequences and our 11,222 full-length ssRNA phage vOTUs. Branch tip 958 

colours indicate novelty of genome sequence: vOTUs in novel genera (green, n = 6,217), 959 

vOTUs in non-novel genera (pink, n = 5,005), and existing ssRNA phage genomes (grey, n = 960 

1,868). Clade labels indicate current Leviviricetes families. Brand node labels indicate branch 961 

support: g 0.9 (large circles), g 0.8 (medium circles), g 0.7 (small circles), < 0.7 (no circle). 962 
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 964 

 965 

Supplementary Figure S3: Accumulation curves of vOTUs. Accumulation curves for A 966 

DNA vOTUs and B ssRNA phage vOTUs. Dots represent 100 permutations of cumulative 967 

richness at each sampling effort. Line indicates the mean cumulative richness in vOTUs 968 

detected. 969 
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 971 

 972 

Supplementary Figure S4: Summed mean relative abundance of Leviviricetes families. 973 

Relative abundance of Leviviricetes families in each root/soil compartment, across growth 974 

stages. Colour indicates Leviviricetes family: Atkinsviridae (pink), Blumeviridae (orange), 975 

Fiersviridae (purple), Solspiviridae (blue-green), and Steitzviridae (green). 976 
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 978 

 979 

Supplementary Figure S5: Detection of active vOTUs. Mean number of active DNA vOTUs 980 

detected in each root/soil compartment, across growth stages. Shapes are coloured based on 981 

field crop rotation strategy: continuous cropping (orange), virgin rotation (blue). Shapes 982 

indicate compartment: bulk soil (circles), rhizosphere soil (triangles), and roots (squares). 983 

Error bars denote a 95% confidence interval around the mean.  984 
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 986 

 987 

Supplementary Figure S6: Summed mean relative activity of rhizosphere-priming 988 

vOTUs. Mean proportion of viral community activity represented by rhizosphere-priming 989 

vOTUs (n = 196) in each root/soil compartment, across growth stages. Rhizosphere-priming 990 

vOTUs were detected in the seedling rhizosphere under continuous cropping but were absent 991 

in the seedling rhizosphere under virgin rotation. Shapes are coloured based on field crop 992 

rotation strategy: continuous cropping (orange) and virgin rotation (blue). Shapes indicate 993 

compartment: bulk soil (circles), rhizosphere soil (triangles), and roots (squares). Error bars 994 

denote a 95% confidence interval around the mean.  995 

  996 

Bulk Soil Rhizosphere Roots

See
dl
in
g

Ste
m

 e
xt
en

si
on

Pre
-h

ar
ve

st

See
dl
in
g

Ste
m

 e
xt
en

si
on

Pre
-h

ar
ve

st

See
dl
in
g

Ste
m

 e
xt
en

si
on

Pre
-h

ar
ve

st

0.00

0.05

0.10

0.15

0.20

0.25

P
ro

p
o

rt
io

n
 o

f 
v
ir
a

l 
c
o

m
m

u
n

it
y
 a

c
ti
v
it
y

Rotation: Continuous Virgin Compartment: Bulk Soil Rhizosphere Roots



 40 

  997 

R
2
= 0.496

0

10

20

30

40

50

60

0 100 200 300 400 500 600

Number of active vOTUs

B
a

c
te

ri
a

l 
h

o
s
t 
re

la
ti
v
e

 a
b

u
n

d
a

n
c
e

 (
%

)

A

R
2
= 0.867

5

6

7

8

9

0 100 200 300 400 500 600

Number of active vOTUs

B
a

c
te

ri
a

l 
c
o

m
m

u
n

it
y
 a

lp
h

a
 d

iv
e

rs
it
y

B

Rotation: Continuous Virgin

Compartment: Bulk Soil Rhizosphere Roots



 41 

Supplementary Figure S7 - Linear relationships between the number of active vOTUs 998 

detected and A Summed host abundance, and B Bacterial community alpha diversity. Linear 999 

mixed effect models were run using compartment as a fixed effect. Line indicates model 1000 

prediction, with grey cloud representing a 95% confidence interval around the predicted 1001 

values. Shapes are coloured based on field crop rotation strategy: continuous cropping 1002 

(orange) and virgin rotation (blue). Shapes indicate compartment: bulk soil (circles), 1003 

rhizosphere soil (triangles), and roots (squares). 1004 
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 1006 

 1007 

Supplementary Figure S8: Variation in dsDNA vOTU activity explained by crop rotation 1008 

and soil compartment by recovery library. PERMANOVA results describe the variance 1009 

explained by crop rotation and soil compartment, respectively, across growth stages. Points 1010 

are coloured based on viral activity from vOTUs recovered from the DNA virome (orange; 1011 

seedling, n = 1,741; stem extension, n = 1,465; pre-harvest, n = 3,140), total metagenome 1012 

(blue; seedling, n = 368; stem extension, n = 1,379; pre-harvest, n = 1,772), and 1013 

metatranscriptome (green; seedling, n = 3,844; stem extension, n = 5,078; pre-harvest, n = 1014 

5,653).  1015 
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 1017 

 1018 

Supplementary Figure S9: Summed mean relative compartment-enriched viral activity. 1019 

A Relative compartment-enriched viral activity in each root/soil compartment, across growth 1020 

stages. Colour indicates soil compartment enrichment: N.S. (non-significant; grey), in 1021 

rhizosphere soil (pink), and in bulk soil (green).  1022 
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 1024 

 1025 

Supplementary Figure S10: Summed mean relative viral metabolic activity. Proportion 1026 

of viral community activity represented by viral-encoded metabolic genes in each root/soil 1027 

compartment, across growth stages. Shapes are coloured based on field crop rotation 1028 

strategy: continuous cropping (orange) and virgin rotation (blue). Shapes indicate 1029 

compartment: bulk soil (circles), rhizosphere soil (triangles), and roots (squares). Error bars 1030 

denote a 95% confidence interval around the mean.  1031 
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 1033 

 1034 

Supplementary Figure S11: Beta diversity in bacterial community composition. Non-1035 

metric multidimensional scaling (NMDS) ordination plots, representing the dissimilarities 1036 

between community compositions, for each growth stage. Ordinations represent community 1037 

compositions containing 16S rRNA gene OTUs at seedling (n = 27,335), stem extension (n = 1038 

28,235), and pre-harvest (n = 28,958). Shapes are coloured based on field crop rotation 1039 

strategy: continuous cropping (orange) and virgin rotation (blue). Shapes indicate 1040 

compartment: bulk soil (triangles) and rhizosphere soil (circles). Stress values associated with 1041 

two-dimensional ordination are reported for each plot. 1042 
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