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Abstract 18 

Soil rewetting after a dry period results in a surge of activity and succession in both microbial 19 

and DNA virus communities. Less is known about the response of RNA viruses to soil 20 

rewetting—while they are highly diverse and widely distributed in soil, they remain 21 

understudied. We hypothesized that RNA viruses would show temporal succession following 22 

rewetting and that phosphate amendment would influence their trajectory, as viral 23 

proliferation may cause phosphorus limitation. Using 39 time-resolved metatranscriptomes 24 

and amplicon data, 2,190 RNA viral populations were identified across five phyla, with 37% 25 

of these predicted to infect bacteria (26%) or fungi (11%). Only 1.2% of viral populations had 26 

annotated capsid genes, suggesting most persist via intracellular replication without a free 27 

virion phase. Phosphate amendment altered RNA viral community composition within the 28 

first week and amended vs. unamended communities remained distinguishable for up to three 29 

weeks. While the overall host community remained stable, certain bacterial populations 30 

showed reduced abundance in phosphate-amended soils, likely due to increased viral lysis, as 31 

RNA bacteriophages, particularly Leviviricetes, proliferated significantly. Notably, 60% of 32 

the viruses with increased abundance under phosphate amendment belonged to basal 33 

Lenarviricota clades rather than well-known groups like Leviviricetes. We estimate RNA 34 

bacteriophage infections may affect 107–109 bacteria per gram of soil, aligning with the total 35 

bacterial population (107–1010 g−1 soil), suggesting that RNA phages significantly influence 36 

bacterial communities post-wet-up, with phosphorus availability modulating this effect. 37 

 38 
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 41 

Highlights 42 

• Soil wet-up influences RNA virus dynamics for over a week 43 

• The majority of hosts predicted for RNA viruses were bacteria and fungi 44 

• Phosphate amendment preferentially supports Lenarviricota over other RNA viruses 45 

• 60% of vOTUs that responded to phosphate were from unknown bacteriophage clades  46 

• Most soil bacteria are predicted to be infected by RNA bacteriophages within a week 47 

 48 

 49 

 50 
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Introduction 51 

Soil holds the highest biological diversity of any environment on Earth (Anthony et 52 

al., 2023; Graham et al., 2024), including an extremely high diversity of viruses. Studies on 53 

soil DNA viruses consistently reveal new viruses, and soil samples taken in close proximity 54 

often contain few of the same viruses (Trubl et al., 2018, 2021; Ter Horst et al., 2021; 55 

Durham et al., 2022; Santos-Medellín et al., 2022). Soil RNA viruses are understudied, and 56 

previous studies have focused on characterising natural patterns of diversity and abundance 57 

(Starr et al., 2019; Wu et al., 2021, 2022; Chen et al., 2022; Hillary et al., 2022). These 58 

studies indicate that the diversity of RNA viruses in soil is as high or higher than that of 59 

DNA viruses, and it is shaped by environmental conditions. 60 

While much is still unknown about viruses in soil, there is particularly little 61 

information about RNA bacteriophages (phages; RNA viruses that infect bacteria). RNA 62 

phages belong to the positive single-stranded RNA (ssRNA) class Leviviricetes and to the 63 

double-stranded RNA (dsRNA) family Cystoviridae (Walker et al., 2022; “Current ICTV 64 

taxonomy release,” n.d.); a recent survey of the global RNA virome revealed a new putative 65 

order of dsRNA phages, Durnavirales (Neri et al., 2022). Of the 889 species of RNA phages 66 

accepted by the international committee on taxonomy of viruses (ICTV), only eighteen 67 

genomes have been fully sequenced (https://ictv.global/taxonomy/). All of these phages 68 

infect Proteobacteria, with the exception of a Cystovirus that is thought to infect 69 

Streptomyces avermitilis (Callanan et al., 2018). RNA phages have generally been isolated 70 

on bacterial taxa relevant to humans, such as Pseudomonas aureginosa and Escherichia coli, 71 

and little is known about their diversity or function in natural environments. 72 

System perturbations are considered ideal times to study the ecology of viruses, as 73 

disequilibrium is followed by a succession process involving fast growth and mortality 74 

(Teeling et al., 2012; Hahnke et al., 2015; Needham and Fuhrman, 2016). During community 75 

succession, one of the mechanisms that may drive mortality of fast-growing organisms is 76 

viral infection, following Lotka–Volterra or ‘kill-the-winner’ dynamics (Thingstad, 2000; 77 

Ignacio-Espinoza et al., 2020; Sokol et al., 2022). Wet-up is a common perturbation in soils 78 

with Mediterranean climates—the moment of first rainfall after a prolonged dry season—and 79 

leads to a disproportionate release of CO2 (the ‘Birch effect’; Birch, 1958). This perturbation 80 

appears to act as an induction event and causes a succession of bacteria and DNA viruses, 81 

with a substantial amount of microbial cell death attributed to viral activity (Blazewicz et al., 82 

2020; Nicolas et al., 2023; Santos-Medellín et al., 2023). 83 

The elemental composition of viruses is quite different from that of cells, as they are 84 

composed almost entirely of proteins and nucleic acids and are devoid of other cellular 85 

components. Thus, the stoichiometric ratio of carbon, nitrogen, and phosphorus (C:N:P) in 86 

viruses is much lower than that of cells, and it is hypothesized that a bloom of viruses may 87 

cause a local phosphorus limitation (Kuzyakov and Mason-Jones, 2018). However, viral 88 

lysis releases dissolved organic material from cells, which could potentially alleviate nutrient 89 

limitation (Tong et al., 2023). Whether or not limitations are alleviated may depend on the 90 

host and viral infection dynamics. While lytic infection (viral lysis of host cell) is one 91 

outcome of viral infection, some viruses may remain within the host cell as lysogens (via a 92 

lysogenic infection; with or without integration into the host DNA), whereas others can 93 

cause a chronic infection in which viruses are released without lysing the host (Roux et al., 94 

2019; Lerer and Shlezinger, 2022). The main difference between these infection strategies 95 

from a macronutrient point of view is that lytic infection creates progeny viruses, which 96 

require additional nitrogen and phosphorus for protein capsids and nucleic acid, whereas 97 

lysogenic infection does not. Therefore, lytic infections may bias the C:N:P ratio more than 98 

lysogenic infections. 99 
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Here, we used time-resolved metatranscriptomics to investigate the response of RNA 100 

viruses to rewetting of seasonally dry Mediterranean grassland soil over a three-week period, 101 

with and without phosphate amendment. We hypothesized that (1) soil rewetting would 102 

cause a resurgence in the microbial community and in-turn activate the RNA virus 103 

community, and (2) phosphate amendment would increase RNA virus infection by 104 

alleviating phosphorus limitation, and thus drive changes in RNA viral community structure. 105 

 106 

Methods 107 

Soil collection and experimental setup 108 

Soil was collected from the Buck pasture plot at the Hopland Research and Extension 109 

Center (Mendocino County, CA; 39.001767° N, 123.069733° W) at an elevation of 1,066 feet 110 

and a depth of 0–10 cm on October 3, 2020 (prior to the onset of the Autumn rains). The soil 111 

was sieved (2.0 mm wire mesh) and gravimetric soil water content measured by drying 112 

duplicate 5 g soil samples to a constant weight at 105 °C for 48 h. Soil pH was determined by 113 

adding 25 mL dH2O to 10 g soil followed by 1 h shaking at 400 rpm and resting for 1 h prior 114 

of measuring pH with a sensION+ pH meter (Hach) (FAO, 2021). Microcosms were 115 

established by adding 206 g (+/- 0.5 g) soil to 1.9 L acid washed and autoclaved Mason jars. 116 

Microcosms were divided amongst the following treatments: (1) natural abundance water 117 

(deionized H2O), pH 5.5; (2) deionized H2O, pH 5.5 + KH2PO4; in six replicates (two 118 

treatments x six replicates x three timepoints = 36 mason jars). KH2PO4 was added to the 119 

water (for phosphate amendment treatments) and mixed for a final concentration of 50 µM. 120 

Water was added to each sample slowly and evenly across the soil surface with a syringe to 121 

bring the soil up to 30% moisture (gravimetric water content). Mason jars were sealed with 122 

lids that had airtight septa and incubated at room temperature (~23 °C).  123 

Microcosms were destructively sampled on day 7, 14, and 21 post wet-up. First, to 124 

measure respiration, headspace samples were collected with a 10 ml syringe that was flushed 125 

three times prior to injecting 5ml of headspace into a serum bottle. Finally, wet soil was 126 

homogenized, 5 g of soil was collected for gravimetric water content measurements and 0.5 g 127 

of soil was collected into 2.0 ml Lysing Matrix E tubes (MP Biomedicals) for DNA/RNA 128 

extractions. An additional 0.5 g of dry soil (the starting soil, not from a microcosm) was also 129 

collected into 2.0 ml Lysing Matrix E tubes (in triplicate) for DNA/RNA extraction of the 130 

starting microbial community. Extractions followed a previously published protocol 131 

((Griffiths et al., 2000); the rest of the soil was collected and frozen at -80 °C for future 132 

analyses). Briefly, soil was combined with 200 µl TE (pH 8.0), 500 µl 5% CTAB/0.7 M 133 

NaCl/240 mM KPO4 (pH 8) and 500 µl of ice-cold 25:24:1 phenol/chloroform/isoamyl 134 

alcohol. Tubes were shaken in a FastPrep (MP Biomedicals Cat #116005500) for 30 s at 135 

speed 5.5 m/s, spun at 16,000 g at 4 °C for 5 min, and then the aqueous layer was transferred 136 

to a 2.0 ml Phase-Lock gel tube (QuantaBio Cat. #2302830). This process was repeated on 137 

the organic layer and 500 µl 24:1 chloroform/isoamyl alcohol was added to the aqueous layer 138 

and spun at 16,000 g at 4 °C for 5 min. The aqueous layer was added to a 2.0 ml 139 

microcentrifuge tube with 1 ml 40% w/v PEG6000/1.6 M NaCl and 1 µl GlycoBlue 140 

(ThermoFisher Cat. #AM9516) and incubated overnight at room temperature. Samples were 141 

precipitated and resuspended in 50 µl of TE (pH 8.0). The Qiagen All-Prep kit (Cat. #80284) 142 

was used to separate the RNA and DNA following the manufacturer's protocol. The RNA 143 

samples were treated with 10 µl RQ1 RNase-Free DNase (Promega Cat. # 89836) at 37 °C 144 

for 30 min and 7 µl of 10x DNase Stop Buffer to denature the DNase at 65 °C for 10 min. 145 

DNA and RNA concentrations were quantified using Qubit 2.0 (Invitrogen), purity was 146 
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assessed with a Nanodrop 2000 (ThermoFisher) (Table S1). RNA samples were shipped to 147 

Azenta for library preparation with the NEBNext Ultra II RNA Library Prep Kit (NEB, 148 

Ipswich, MA, USA), rRNA depletion with the Fast select rRNA depletion Kit (Bacteria), and 149 

sequencing. Briefly, enriched RNAs were fragmented for 15 minutes at 94 °C. First strand 150 

and second strand cDNA were subsequently synthesized. cDNA fragments were end repaired 151 

and adenylated at 3’ends, and universal adapter was ligated to cDNA fragments, followed by 152 

index addition and library enrichment with limited cycle PCR (6–14 cycles). Sequencing 153 

libraries were validated using the Agilent Tapestation 4200 (Agilent Technologies, Palo Alto, 154 

CA, USA), and quantified by using Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) as well 155 

as by quantitative PCR (Applied Biosystems, Carlsbad, CA, USA). The sequencing libraries 156 

were multiplexed and clustered on 1 lane of 1 flowcell. After clustering, the flowcell was 157 

loaded on the Illumina HiSeq 2500 instrument according to manufacturer’s instructions. The 158 

samples were sequenced using a 2x150 Paired End (PE) configuration, resulting in ~350 M 159 

raw paired end reads (~105 GB sequencing).  160 

 161 

Respiration measurements 162 

CO2 from microcosm headspace samples was quantified with a LI-850 Gas Analyzer 163 

(Licor, Lincoln, NE), with room air as a control. A standard curve for CO2 was produced 164 

using the following CO2 concentration standards: 100 ppm, 500 ppm, 1000 ppm, and 1%. 165 

Raw data was exported from the Li-850 software and analyzed using a custom R script 166 

(version 4.4.1; https://doi.org/10.5281/zenodo.13875112). 167 

 168 

Metatranscriptome processing 169 

 Raw reads were trimmed with bbduk (Bushnell, 2014), removing any kmers from the 170 

negative control, mostly Illumina barcodes, primers and adapters, and also some phiX with 171 

parameters set to ftl = 5, ktrim = r, k = 23, mink = 11, hdist = 1, tpe, tbo, and minlen = 50. 172 

Bbduk was used to remove any reads containing contamination and their paired reads 173 

(parameters k = 31, hdist = 1, minlen = 50), and for read trimming (we required a minimum 174 

quality score of 10; qtrim = r, trimq = 10, minlen = 50). Following quality control, the reads 175 

were assembled using rnaviralSPAdes version 3.15.4 (Prjibelski et al., 2020). Only contigs at 176 

least 600 bp long were kept for further analysis. 177 

 178 

Identification of RNA viruses 179 

 Prodigal version 2.6.3 was used in meta mode to identify and translate open reading 180 

frames (ORFs) in assembled contigs (Hyatt et al., 2010). We used four sets of Hidden 181 

Markov Models (HMMs) of the RNA-dependent RNA polymerase (RdRp) protein to identify 182 

RNA viruses in the translated ORFs: (1) those from Starr et al. (Starr et al., 2019) (2) RdRp-183 

scan (Charon et al., 2022), (3) Viral-RdRp (Olendraite et al., 2023) and (4) NeoRdRp 184 

(Sakaguchi et al., 2022). These HMMs were compared to assembled transcripts using 185 

HMMsearch in HMMer3 (version 3.3.2, http://hmmer.org/), requiring a bit score of at least 186 

70 (Neri et al., 2022). All contigs identified by any of these HMM sets were concatenated and 187 

clustered at 95% average nucleotide identity and 85% breadth to viral operation taxonomic 188 

units (vOTUs) with mmseqs2 version 14.7 (parameters: --min-seq-id 0.95 -c 0.85 --cov-mode 189 

0) (Steinegger and Söding, 2017). The RdRp proteins identified in contigs were also searched 190 

with palmscan (Babaian and Edgar, 2022) to verify they are not reverse transcriptases. 191 

 Quality controlled reads were mapped to the vOTUs with BBmap (Bushnell, 2014) 192 

requiring a minimum identity of 90%. The resulting BAM files were analysed with coverM 193 

version 0.6.1 with method TPM (Woodcroft BJ. 2007, https://github.com/wwood/CoverM) to 194 
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generate a coverage table of vOTUs across samples requiring a minimum covered fraction of 195 

50% (https://github.com/wwood/CoverM).  196 

 We used DRAM (DRAM-v v1.4; (Shaffer et al., 2020)) and Pharokka v1.6.1 (Bouras 197 

et al., 2023), based on multiple functional annotation platforms, to annotate open reading 198 

frames (ORFs) within vOTUs (Chen, 2004; Steinegger and Söding, 2017; Alcock et al., 2019; 199 

McNair et al., 2019; Shaffer et al., 2020; Terzian et al., 2021; Bouras et al., 2023; Larralde 200 

and Zeller, 2023). Pharokka was run on meta mode (-m) with PHANOTATE as the gene 201 

calling mode. 202 

 203 

Viral taxonomy assignment 204 

Taxonomy at the phylum level was assigned based on the HMM with the highest bit 205 

score (70 minimum bit score). Higher resolution taxonomy was achieved by adding the RdRp 206 

protein sequences to existing publicly available alignments using the online tool MAFFT --207 

addfragments (Katoh and Frith, 2012; Neri et al., 2022). Phylum-level trees were built on the 208 

mafft online platform (Kuraku et al., 2013) using average linkage (UPGMA) based on the 209 

alignments with advanced settings: keep alignment length, strategy: auto, scoring matrix 210 

BLOSUM62. The trees were refined using the interactive tree of life (IToL) v5 (Letunic and 211 

Bork, 2021). The reference sequences that remained in the pruned tree along with RdRp 212 

protein sequences from this study were aligned with mafft version 7.5 (Katoh and Frith 213 

2012), the alignment was trimmed with trimal version 1.2 (https://github.com/inab/trimal) 214 

using parameters -gt 0.5 -conc 0.6 and a phylogenetic tree was constructed with IQtree2. We 215 

overlaid onto this tree known hosts of reference sequences (Katoh and Frith, 2012; Neri et al., 216 

2022) to predict hosts for vOTUs from this study. 217 

 218 

Viral host prediction 219 

 To predict putative hosts for vOTUs, we used iPHoP (Integrated Phage HOst 220 

Prediction) v1.3.3 with database “iPHoP_db_Aug23_rw” requiring a confidence score > 90. 221 

For vOTUs representing eukaryotic viruses, we used their proximity on the phylogenetic 222 

trees to viruses with known hosts. If a vOTU clustered in a small (≤ 10 leaves) monophyletic 223 

group with a virus with a known host, it was assigned the same general group of hosts to the 224 

vOTU (e.g., mammals, fungi). In very few cases, more than one virus with a known host 225 

clustered with a vOTU with the same requirements. When the known hosts came from 226 

different groups, they were always eukaryotes, and in these cases the host was assigned as 227 

“eukaryote”. 228 

To model the potential number of virocells, we followed the approach previously 229 

described in Nicolas et al. (Nicolas et al., 2023) with minor amendments. First, the amount of 230 

phage RNA was calculated by multiplying the proportion of reads mapped to phage genomes 231 

by the amount of RNA (in ng) per microcosm. The average mass (in Da) of a single RNA 232 

phage genome was calculated based on curated Leviviricetes genomes from NCBI virus 233 

(Table S2), by using the EnCor bio RNA molecular weight calculator 234 

(https://www.encorbio.com/protocols/Nuc-MW.htm), then averaging all genome weights. The 235 

average number of phage genomes per microcosm was calculated by dividing the total mass 236 

of phage RNA by the average mass of an RNA phage. To estimate how many cells were 237 

infected, the number of phage genomes in an infected host cell (virocell) was estimated. In 238 

DNA viruses, the number of phages can be divided by the average burst size to estimate the 239 

number of infected and lysed cells. However, RNA viruses do not necessarily lyse their host, 240 

but can be transferred through direct contact between hosts, thus the concept of burst size 241 

cannot be used. Instead, a range of copy number of RNA phage genomes per virocell was 242 

estimated, ranging from hundreds to hundreds of thousands. The estimate numbers are based 243 

on: (1) the average RNA phage genome size is ca. 4000 bases (single stranded), while DNA 244 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted October 30, 2024. ; https://doi.org/10.1101/2024.10.30.616729doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.30.616729


 

   

 

phages have genomes that are typically 10–500 times larger, and can even be as large as 245 

735kb (Al-Shayeb et al., 2020), and (2) as very few RNA phages have been cultured 246 

(Callanan et al., 2018), it is possible that some RNA phages do not have an extracellular 247 

phase. Thus, their life cycle may not include synthesis of capsid proteins, reducing the 248 

cellular resources required to create a new phage, similar to fungal viruses (Lerer and 249 

Shlezinger, 2022). Assuming that the average bacterium infected by an RNA phage is no 250 

different than a bacterium infected by a DNA phage, the same resources can be allocated to 251 

generate many more new RNA as opposed to DNA phages. 252 

 253 

Microbial community analyses 254 

The genes coding for 16S rRNA and the nuclear ribosomal internal transcribed spacer 255 

2 (ITS2 between 5.8S and 28S) were amplified from DNA extracted from the soil 256 

microcosms. As DNA was used first for metagenomics, only 30 out of 39 samples were 257 

available for amplicon sequencing (Table S3). However, these samples represented all time 258 

points with and without phosphate amendment. Hypervariable region v4 of the 16S rRNA 259 

gene was amplified using primers 515F-Y (515F-GTGYCAGCMGCCGCGGTAA) (Parada et 260 

al., 2016) and 826R (806R-GGACTACNVGGGTWTCTAAT) (Apprill et al., 2015), and the 261 

ITS2 was amplified using primers 5.8S_Fun and ITS4_Fun (Taylor et al., 2016).  262 

For ITS2 amplification, each reaction included 1X Phusion High-Fidelity master mix 263 

(New England Biolabs), 200 nM primers, 3% DMSO, and 0.1 uL of 1:20 diluted DNA. The 264 

amplification process involved initial denaturation at 98 °C for 3 minutes, followed by 30 265 

cycles of denaturation at 98 °C for 10 seconds, annealing at 55 °C for 30 seconds, extension at 266 

72 °C for 30 seconds, and a final extension step at 72 °C for 10 minutes. For 16S rRNA gene 267 

amplification, 0.1 uL-1 of 1:20 diluted DNA was mixed with 1X Kapa HIFI Hotstart 268 

Readymix (Roche) and 200 nM primers. The amplification protocol included an initial 269 

denaturation step at 95 °C for 3 minutes, followed by 25 cycles of denaturation at 95 °C for 270 

30 seconds, annealing at 55 °C for 30 seconds, extension at 72 °C for 30 seconds, and a final 271 

extension step at 72 °C for 5 minutes. After PCR, cleanup was performed using 0.8X (for 16S 272 

rRNA) and 0.9X (for ITS) AMPure XP Beads (Beckman Coulter). Subsequently, a secondary 273 

amplification was carried out using Kapa HIFI mastermix with Illumina XT indexes to attach 274 

barcodes to the PCR products. A final cleanup step was performed using 1.2X AMPure XP 275 

Beads, followed by pooling of samples in equimolar ratios and sequencing on the MiSeq 276 

platform using a 2x250 cycle kit with approximately 25% phiX spike in. 277 

For 16S rRNA gene sequence analysis, quality trimming of reads was performed with 278 

Trimmomatic version 0.39 with parameters LEADING:3 TRAILING:3 279 

SLIDINGWINDOW:4:15 MINLEN:200 (Bolger et al., 2014). A negative control was also 280 

sequenced and analyzed. The Qiime2 pipeline with dada2 denoising was used (Callahan et 281 

al., 2016; Bolyen et al., 2019). Samples were rarified to 3,411 reads, leading to the discard of 282 

two samples, one of which was the negative control for which there were no merged reads, 283 

and the other was one of three replicates of time point 1 without phosphate amendment. 284 

For ITS2 sequence analysis, as the ITS2 region varies in length, merging reads may 285 

bias against some fungal species (Yang et al., 2018). As merging led to loss of ca. 40% of 286 

reads, only the forward reads were used to avoid loss of data. Due to the range of ITS2 sizes, 287 

the minimum length after quality trimming required was at least 100 bases rather than 200 288 

bases, and read length was truncated to 230 bases. Illumina adapters were cut from both sides 289 

of the forward reads to avoid read through artifacts, followed by read denoising with dada2 290 

(Callahan et al., 2016). Classification of reads with the UNITE Qiime2 version 9 including all 291 

eukaryotes (215,454 taxa) (Abarenkov et al., 2023) was not successful. Therefore, ITS2 292 

representative sequences were searched against the NCBI ITS2 database, and accession 293 
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numbers converted to taxonomy with the R taxonomizr package (Sherrill-Mix, 2023). 294 

Samples where rarified to 1,887 reads per sample. 295 

 296 

Statistical analysis 297 

All analyses of the virus data were performed in R. The data was manipulated using 298 

the tidyverse package (v2.0.0) (Wickham et al., 2019), and plots were generated using 299 

ggplot2 (v3.5.1) (Wickham, 2016) and ggpubr (Kassambara, 2023). Statistical analyses, 300 

including PERMANOVA, were performed with the vegan (v2.6-8), DESeq2 (v1.44.0) and 301 

ape (v5.8) packages (Love et al., 2014; Paradis and Schliep, 2019; Oksanen et al., 2020). 302 

Additional R packages used include RColorBrewer (v1.1-3) for color-blind friendly color 303 

palettes (Neuwirth, 2022), stringi (v1.8.4) for string manipulation (Gagolewski, 2022), 304 

microshades (v1.13) (Dahl et al., 2022) and dichromat (v2.0-0.1) for extended color palettes 305 

(https://CRAN.R-project.org/package=dichromat), dunn.test (v1.3.6) for Dunn statistical 306 

testing (https://CRAN.R-project.org/package=dunn.test), pheatmap (v1.0.12) for heat maps 307 

(https://CRAN.R-project.org/package=pheatmap), and ggpmisc (v0.6.0) for ggplot extensions 308 

(https://CRAN.R-project.org/package=ggpmisc). Statistical tests, ordinations and taxonomic 309 

profiles of bacteria and eukaryotes were generated via Qiime2 (Estaki et al., 2020). A rooted 310 

16S-rRNA tree for weighted UniFrac calculation was acquired from the Qiime2 “Moving 311 

pictures” tutorial (https://docs.qiime2.org/2024.5/tutorials/moving-pictures/). Three tree is 312 

rooted at the midpoint of the longest tip-to-tip distance in the unrooted SILVA tree. 313 

  314 

Data availability 315 

 Raw reads are publicly available on the NCBI short read archive (SRA) under project 316 

number PRJNA1161162. The dereplicated vOTUs set, RdRp protein sequences, R code and 317 

files needed to run the code are available at 318 

https://github.com/ellasiera/RNA_virus_wetup_2023. Microbial community amplicon 319 

sequences are available in the NCBI SRA database under project ID PRJNA1161162. 320 

 321 

Results 322 

We characterized the response of the RNA viral community to rewetting of a 323 

Mediterranean grassland soil with or without phosphate amendment at multiple timepoints 324 

over three weeks. A total of 3,140 unique vOTUs with an average length of 1,303 bases 325 

(minimum 600 bases, maximum 9,631 bases) were yielded. To determine patterns in vOTU 326 

diversity, reads were mapped with ≥ 50% breadth of coverage, which reduced the number of 327 

vOTUs to 2,190. The normalised abundance (in cumulative transcripts per million, TPM), 328 

taxonomy and host prediction of the vOTUs are described in Table S4. 329 

Soil phosphate amendment significantly reduced the Shannon diversity and Pielou’s 330 

evenness index of viral communities but did not impact the overall richness of vOTUs 331 

(species number) (Kruskal-Wallis test, pShannon < 0.001, pPielou < 0.001; Fig. 1A). Both 332 

phosphate amendment and rewetting had a significant effect on the trajectory of viral beta 333 

diversity (Fig. 1B; PERMANOVA community~Time*Phosphate p = 0.001 R2 = 15%). A clear 334 

change in RNA virus community structure was observed between T0 (before wet-up) and all 335 

subsequent time points, and between soils amended (or not amended) with phosphate (Fig. 336 

1B). Only small temporal effects on community structure at timepoints beyond the first week 337 

following rewetting were observed. 338 

 339 
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 340 

Figure 1. RNA virus community diversity and structure. RNA viral communities in a 341 

Mediterranean climate grassland soil before and after wet-up, and with or without phosphate 342 

amendment, characterized by (A) alpha diversity indices: Shannon’s H, richness (species 343 

numbers) and Pielou’s evenness, and (B) PCoA ordination of Bray-Curtis dissimilarity of 344 

community composition. Shapes represent presence (triangle, P+) or absence (circle, P-) of 345 

phosphate amendment. Colours represent time in weeks after wet-up. Ovals surrounding 346 

datapoints represent 95% confidence intervals. Significant treatment differences for diversity 347 

indices were determined via Kruskal-Wallis and Dunn tests with Benjamini-Hochberg 348 

correction for multiple comparisons. Community structure statistics were calculated by 349 

PERMANOVA. 350 

 351 

  We evaluated the variability in RNA virus community composition across our 352 

experiment by examining shared vOTUs in different microcosms by time and treatment. A 353 

total of 755 vOTUs appeared in only one microcosm, while 1,109 vOTUs appeared across 2–354 

5 microcosms, reflecting consistent rank richness across different conditions (Fig. S1, S2). At 355 

least half of the vOTUs were present in only one of three replicates, showing a substantial 356 

degree of variation between replicates (Fig. S3). Notably, 42 vOTUs appeared only in dry 357 

soil, 591 vOTUs were unique to phosphate-amended soils, and 298 vOTUs were found only 358 

in unamended soils post-wet-up (Fig. S4). 123 vOTUs were present in at least 90% of 359 

microcosms, of which the most abundant groups were Cryppavirales (31), basal 360 

Lenarviricota (17) and Wolframvirales (12). 361 

 To investigate putative hosts of the RNA viruses we identified, we overlaid known 362 

hosts from Neri et al. (Neri et al., 2022) onto the phylogenetic trees constructed for 363 

taxonomic assignment. Of the 2,190 vOTUs, we identified putative hosts for 807 vOTUs 364 

(37%) or roughly one third of the vOTUs identified in the study—these were further assigned 365 

as phages (68% in amended soil, 79% in unamended soil) or fungal viruses (24% in amended 366 

soil, 15% in unamended soil), with a few additional viruses infecting other eukaryotes. Of the 367 
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total vOTUs with a predicted host, 560 (70%) likely infect bacteria, 184 (23%) infect fungi, 368 

22 infect invertebrates, 15 infect plants, 17 infect unassigned eukaryotes, 4 infect mammals 369 

and 5 infect birds, reptiles, turtles or amphibians (grouped together into Sauria). Amongst the 370 

1,533 phages identified, relatively few (27) had hosts predicted using iPHoP (Roux et al., 371 

2023); these hosts included Gammaproteobacteria, Bacteroidia, Bacilli, 372 

Alphaproteobacteria, Actinomycetia, Planctomycetia, Methanobacteria and Thermoplasmata. 373 

We characterized viral communities before and after wet-up by assigning RNA vOTU 374 

taxonomy based on the RdRp gene—a marker found in most RNA viruses (Edgar et al., 375 

2022)—and then visualized the data via phylogenetic trees (Fig. S5–S9). At the phylum level, 376 

RNA viral community abundance was dominated by Lenarviricota, regardless of time or 377 

amendment (Fig. 2A). The Howeltoiviricetes, many of which infect fungi (i.e., mycoviruses), 378 

bacteriophages of the class Leviviricetes, and unclassified Lenarviricota were also abundant 379 

groups, and had the highest richness of unique vOTUs (Fig. 2B, 2C, 2D). Overall, relative 380 

abundance and richness (number of unique vOTUs) by taxonomic groups (phylum to order 381 

level) were positively correlated (R2 = 60%, p < 0.001) (Fig. 2C). 382 

 383 
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Figure 2. Taxonomy of RNA viral communities in dry grassland soil (T0) and after wet-384 

up and phosphate amendment. (A) Relative abundance of different RNA virus phyla (** 385 

denotes p < 0.001); (B) Richness (number of unique vOTUs) per class of RNA viruses; (C) 386 

Correlation between mean relative abundance and richness of vOTUs from a specific class in 387 

all microcosms (R2 = 0.87, p < 0.001, F = 5140, n = 780). D) Relative abundance of different 388 

RNA viruses by class. The legend in panel D applies to panels B–D.  389 

 390 

We observed a large shift in overall RNA viral community composition during the 391 

first week post wet-up, but relatively muted changes thereafter. We also investigated the 392 

temporal trajectories of specific phyla. The phylum Lenarviricota, which includes most 393 

phages, and the family Narnaviridae, which includes mostly mycoviruses, increased roughly 394 

2-fold in abundance (regardless of phosphate amendment) during the first week after wet-up 395 

(Fig. 3A-B; Table S4). After the first week, the relative abundance of Lenarviricota remained 396 

constant. The second most abundant phylum, Kitrinoviricota, which contains many 397 

eukaryotic viruses (Wolf et al., 2018), also increased in the first week after the wet-up when 398 

phosphate was not added (Fig. S10). A similar pattern was observed in the phylum 399 

Pisuviricota which includes order Durnavirales that is thought to include phages in addition 400 

to eukaryotic viruses (Neri et al., 2022) (Fig. S10). Phylum Negarnaviricota (eukaryotic 401 

viruses) decreased over time regardless of phosphate amendment (Fig. S10). 402 

 403 
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 Figure 3. Temporal dynamics of RNA virus abundance following wet-up of a 404 

seasonally dry grassland soil. Cumulative abundance of soil RNA viruses over time in 405 

transcripts per million (TPM), with (A) or without (B) phosphate amendment. Colours 406 

represent viral phyla. Temporal dynamics of RNA viruses for which a host was predicted, 407 

plotted according to putative hosts, with (C) or without (D) phosphate amendment. Colours 408 

represent predicted host taxa. Error bars denote the standard error. Soil wet-up occurred 409 

immediately after T0 samples were collected. Different letters denote a significant change in 410 

abundance of Lenarviricota (A, B) or bacteriophages (C, D) at alpha = 0.1, n = 6 (Dunn test, 411 

Benjamini-Hochberg correction for multiple comparisons). NS = not significant. 412 

 413 

The abundance of bacteriophages increased following wet-up, with a 5.4-fold increase 414 

in abundance when phosphate was added (p = 0.006; Fig. 3C), and a 3-fold increase in 415 

abundance when phosphate was not added (p = 0.01; Fig. 3D). Mycoviruses increased 3-fold 416 

during the first week and continued to increase when phosphate was not added; in contrast, 417 

there was no significant temporal pattern with phosphate amendment. Very few viruses had 418 

predicted eukaryotic hosts that were not fungi which decreased our statistical power to 419 

evaluate changes in their abundance.  420 

To further investigate the bloom of phages post wet-up, we analyzed the amount of 421 

RNA representing the known phage groups Leviviricetes and Durnavirales (as well as other 422 

vOTUs predicted to infect bacteria over time), with or without phosphate amendment (Fig. 423 

4A, 4B). In this experiment, the total amount of phage RNA increased dramatically within the 424 

first week (p < 0.1), and was more pronounced with phosphate amendment (p < 0.001; Fig. 425 

S11). This bloom can be interpreted as evidence of an active infection since an increase in the 426 

amount of viral RNA can only be achieved by viral replication; notably, the increase also 427 

corresponded with a significant increase in soil respiration (p = 0.03) (Fig. S12).  428 

Some of the vOTUs with significantly increased transcript abundance over the first 429 

week with phosphate amendment (adjusted p < 10-5) belong to Wolframvirales (8 of 29) 430 

rather than to the known phage class Leviviricetes (10 of 29), family Cystoviridae (0) or 431 

Durnavirales (0) (Fig. 4C). Many of the vOTUs that increased in response to phosphate 432 

amendment were predicted to infect bacteria (13 of 29), and three vOTUs of the order 433 

Tolivirales were predicted to infect fungi (Fig. 4C). With a less stringent P value requirement 434 

(adjusted p < 0.05) 80 vOTUs became more abundant one week after rewetting or with 435 

phosphate amendment, most of which were still Wolframvirales (24/80) and Levivirales 436 

(33/80) (Fig. S13). 437 

The increase in phage abundance a week after soil rewetting (approximated by 438 

amount of viral RNA and normalised relative abundance of reads mapping to viruses (Tables 439 

S2, S4)) was used to estimate the number of cells containing active RNA phages (virocells) as 440 

a function of the average number of phage genome copies per cell and the average RNA 441 

phage genome weight (Table S4) (eq. 1). The genome weight is also affected by the number 442 

of strands in the phage genome, but as most of the phages identified belonged to the phylum 443 

Lenarviricota, which have single stranded RNA genomes, an average of one strand per phage 444 

genome was assumed. A range of 200–200,000 copies of phage genome per cell for the 445 

simulation (Eq. 1) was used, leading to a virocell count of 107–1010 (for 200,000 and 200 446 

copies per cell respectively; Fig S13).  447 

 448 
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 450 

To explore whether the RNA viruses identified in our study might exhibit an 451 

extracellular phase, the open reading frame (ORF) annotations within their genomes was 452 
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examined. Out of the 2,19 vOTUs, only a small subset (26 vOTUs) contained genes 453 

annotated as capsid or coat proteins, indicative of an extracellular phase and the potential to 454 

form extracellular virions (Tables S5, S6). These viruses, representing 0.8–3.5% of the total 455 

viral community (mean 1.3%), were primarily predicted to be bacteriophages, with two 456 

predicted to infect mammals. Notably, none of the phage genomes that were significantly 457 

enriched following phosphate amendment contained capsid or coat protein genes.  458 

 459 

Figure 4. Bloom of bacteriophages and fungal viruses over time following soil rewetting. 460 

Boxplots representing the RNA abundance of bacteriophages with (A) and without (B) 461 

phosphate amendment. Based on the average genome size of cultured Leviviricetes (RefSeq, 462 

Nov 10, 2023), phage abundance was calculated by first determining the total RNA for 463 

phages, multiplying their normalized relative abundance by the proportion of virus-mapped 464 
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reads and total extracted RNA per microcosm. Phage genome copies were then estimated by 465 

dividing this total RNA by the average genome weight. Finally, the number of bacterial hosts 466 

needed to generate this quantity of phage genomes were simulated, considering a range of 467 

genome copies per infected cell (virocell). (C) Heatmap showing vOTUs (rows) significantly 468 

up or downregulated by phosphate amendment (P+) (DESeq2, adjusted p < 10-5). The color 469 

scale denotes abundance Z-score normalized across rows, and the heat map is hierarchically 470 

clustered based on transcript abundance (TPM). Color bars to the left indicate the predicted 471 

host and taxonomy, with taxonomy assigned at the order level (Figs. S5–9). 472 

 473 

We characterized the bacterial and fungal communities in each microcosm to identify 474 

the diversity and temporal succession of potential hosts. Ordination of communities using 475 

phylogenetic distances (weighted unifrac) revealed that the overall bacterial community 476 

composition changed with phosphate amendment (Fig. 5A). In contrast, phages and 477 

mycoviruses were affected by phosphate amendment, time, and the interaction between the 478 

two factors (Fig. 5B).  479 

After rarefying, we identified 3,914 bacterial and 629 fungal amplicon single variants 480 

(ASVs). Bacterial diversity based on the 16S rRNA gene significantly increased by the end of 481 

our experiment in unamended soils (Fig. S14). Fungal diversity was assessed with internal 482 

transcribed spacer region ITS2. As phylogeny based on the ITS2 region is not as robust as 483 

that of 16S rRNA, we present only phylogeny-independent analyses of fungal hosts. In both 484 

phosphate treatments, Shannon diversity decreased in the three weeks after wet-up (p = 0.08), 485 

with no significant differences between phosphate amended and unamended soils. These 486 

trends appear to be driven by changes in both richness and evenness (Fig. S14). 487 

 488 

 489 

Figure 5. Beta diversity of grassland soil viral and putative host communities following 490 

wet-up and phosphate treatments. (A) Weighted unifrac (WU) distances of bacterial 491 

communities. (B) Ordination plots based on Bray-Curtis dissimilarity for RNA viruses 492 
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(bacteriophage and mycoviruses). Time in weeks after wet-up (immediately after T0) is 493 

indicated by lighter brown colors. Treatments are denoted by shape: with phosphate (triangle) 494 

or without phosphate (circle) amendment. N = 6 per phosphate treatment and timepoint, with 495 

n = 3 at T0. Statistically significant effects (determined by PERMANOVA) are noted on each 496 

panel, in decreasing order of effect size. Phages: Phosphate p = 0.001, R2 = 22%, Time p = 497 

0.001, R2 = 9%, P*Time p = 0.01, R2 = 5%. Mycoviruses: Phosphate p = 0.002, R2 = 5%, 498 

Time p = 0.001, R2 = 6%, P*Time p = 0.032, R2 = 6%.  499 

 500 

We analysed differential abundance and found 119 ASVs whose relative abundance 501 

was significantly lower in phosphate amended soil compared to unamended soil (p <10-10) 502 

(Table S7). Those ASVs belonged to Actinobacteria, Acidobacteria, Planctomycetes, 503 

Alphaproteobacteria, Gammaproteobacteria, Chloroflexi, Deltaproteobacteria, 504 

Verrucomicrobia and other phyla. All but two of these ASVs were undetectable before soil 505 

wet-up or with phosphate amendment. In unamended soil, only 26 of these ASVs (22%) were 506 

detected after one week. After two weeks 21/119 were detected (18%), and after three weeks 507 

105/119 (88%). 508 

 509 

Discussion 510 

In this study we used a replicated time-series of metatranscriptomes and amplicon 511 

analyses to investigate the response of RNA viruses and microbial communities to soil wet-512 

up, and the added effects of phosphate amendment. Based on previous wet-up studies 513 

(Blazewicz et al., 2020), we hypothesized that soil rewetting would cause a ‘bloom’ in the 514 

microbial community (abundance, diversity and community composition of bacteria and 515 

fungi) and that this might in turn activate the RNA virus community. The community 516 

diversity indices of soil bacteria and fungi indicate that these host communities changed over 517 

the 3 weeks post-wetup and their structure was influenced by phosphate addition. Over this 518 

same period, soil respiration (CO2 flux) increased dramatically; particularly in the first week 519 

following rewetting, and at a more modest pace in the following two weeks. A dramatic shift 520 

in RNA virus community composition and the RNA abundance of bacteriophages occurred 521 

in the first week post wet-up, with relatively little change thereafter. The lack of change in 522 

the amount of RNA from phages in later time points may reflect either minimized replication 523 

of this class or zero-sum turnover. In a previous study of DNA viruses after a wet-up, the 524 

trajectory of the viral community over the first week appeared to be related to the particular 525 

viruses present in the field soil before wet-up (Nicolas et al., 2023). In contrast, our 526 

communities of RNA viruses clustered by amendment rather than by time, but the timeline of 527 

our current experiment was weekly rather than daily, and we also measured key changes to 528 

the RNA viral community during the first week. This suggests the major community 529 

assembly effects of the wet-up ‘bloom’ occur within the first week after wet-up, while the 530 

effects of phosphorus limitation on hosts and RNA viruses can persist for longer. 531 

Due to their high stoichiometric demand for phosphorus, we have good reason to 532 

expect that rapidly growing viral populations might cause localized phosphorus limitation 533 

(Kuzyakov and Mason-Jones, 2018; Tong et al., 2023). Unlike their hosts, viral particles 534 

(virions) have a minimal amount of lipids and membranes and are composed mainly of 535 

proteins and nucleic acids which are comparatively rich in phosphorus; therefore, they have 536 

a lower C:N:P ratio than cells (Jover et al., 2014). If microbial necromass produced during a 537 

viral proliferation event has a reduced amount of phosphorus, this could lead to phosphorus 538 

limitation for organisms feeding on the necromass (Kuzyakov and Mason-Jones, 2018). 539 

However, contrasting evidence suggests viral proliferation could alleviate phosphorus 540 

limitation via lysis of host cells, releasing organic material into the immediate environment, 541 

or that bacteria may even predate on phages during phosphorus limiting conditions (Godon 542 
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et al., 2021; Tong et al., 2023). In our study, we hypothesized that added phosphate would 543 

stimulate RNA virus infection by alleviating phosphorus limitation. 544 

We observed a clear effect of phosphate amendment on the community of RNA 545 

viruses. Phosphate amendment significantly altered RNA viral community composition 546 

within the first week after rewetting, and phosphate amended versus unamended 547 

communities remained distinct for up to three weeks. While the effect of soil wet-up appears 548 

to wane one week after wet-up, the differences in viral community structure between 549 

amended and unamended soil were maintained throughout three weeks. While this provides 550 

evidence of phosphorus limitation, it is unclear whether it stems from viral proliferation. The 551 

cumulative metabolic rate of potential hosts (proxied by respiration) as well as bacterial and 552 

fungal community composition were unaffected by phosphate amendment, indicating that 553 

phosphorus is not the limiting factor for the host community, only to viruses. However, when 554 

accounting for host phylogeny, bacterial communities were affected by phosphate 555 

amendment, implying that while the community as a whole is not phosphorus-limited, 556 

specific taxonomic clades are. The estimated amount of viral RNA extracted from phosphate 557 

amended soil was higher compared to unamended soil for three weeks following rewetting, 558 

supporting our hypothesis and implying that the amendment triggered viral proliferation. 559 

The vast majority of RNA viruses we identified belong to the phylum Lenarviricota 560 

(ssRNA+), which are predicted to infect bacteria or fungi. This is consistent with community 561 

composition of RNA viruses from a nearby site during plant growth, as well as from 562 

grasslands in England and Kansas, USA—although the relative abundance of RNA phages 563 

we found was somewhat lower (ca. 20%) than in others studies (50% on average) (Starr et 564 

al., 2019; Wu et al., 2021; Hillary et al., 2022). This difference could be due to the type of 565 

soil or environmental conditions (e.g., presence or absence of plants, soil moisture) which 566 

supports different host communities. Since our study was performed on dry soil without 567 

plants, we expected the majority of viruses to infect microorganisms such as fungi and some 568 

bacteria that can survive dry summer conditions. Fungal viruses (mycoviruses) are 569 

particularly likely to survive during the dry season as they do not have a free-living, 570 

extracellular phase (Hough et al., 2023). 571 

RNA bacteriophages significantly proliferated after soil wet-up, more so in phosphate 572 

amended soil. Most of the phage vOTUs that became more abundant with phosphate 573 

amendment were classified as Leviviricetes (the largest clade of RNA phages) and 574 

Wolframvirales. RNA phages have only eleven representatives in pure culture with curated 575 

complete genomes (RefSeq Dec 6th 2023). All eleven are ssRNA phages that belong to the 576 

class Leviviricetes (formerly phylum Leviviricota) and have genomes ranging in size 577 

between 3,400–4,300 bases. Moreover, these phages were isolated on bacteria that are 578 

human pathogens or part of the human microbiome, belonging to the phyla Proteobacteria or 579 

Pseudomonadata (Zinder, 1980; Klovins et al., 2002). Recently, a study based on 580 

bioinformatic characterization of RNA viruses proposed that the dsRNA order Durnavirales 581 

is comprised of phages (Neri et al., 2022). However, this order also has no cultured 582 

representatives. Therefore, we suggest that future work should concentrate on isolation of 583 

RNA phages from different environments within environmentally relevant hosts to 584 

characterize the effects of RNA phages on biogeochemical cycling.  585 

The importance of microbial mortality in soil has been highlighted in recent reports 586 

showing that a notable amount of persistent, mineral-associated soil organic matter is 587 

comprised of microbial necromass (Liang et al., 2019; Sokol et al., 2019, 2022; Angst et al., 588 

2021). Viruses are a potentially important driver of microbial mortality in soil, as estimated 589 

in marine environments (Boras et al., 2009; Vaqué et al., 2017) and described as the ‘viral 590 

shunt’ (Wilhelm and Suttle, 1999; Suttle, 2007). Up to 40% of soil bacteria are thought to 591 

contain lysogenic phage that can become lytic if induced by a dramatic change in resource 592 
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availability or environmental conditions (Fuhrman and Schwalbach, 2003; Williamson et al., 593 

2007), such as appearance of a newly growing root (Starr et al., 2019, 2021), or a rewetting 594 

event (Nicolas et al., 2023; Santos-Medellín et al., 2023). Nicolas et al.’s (2023) recent study 595 

on the succession of DNA viruses following soil wet-up identified a temporal increase in 596 

DNA extracted from the viral size-fraction. This increase was interpreted as lytic infection of 597 

host cells, particularly bacteria, leading to an increase in virions and up to 46% of microbial 598 

cell deaths attributed to viral activity in the week after soil wet-up (Nicolas et al., 2023).  599 

We estimated replication of RNA phages via the increasing amount of phage RNA 600 

and demonstrated their proliferation over the first two weeks following soil wet-up. 601 

However, because our data was drawn from bulk soil metatranscriptomes rather than RNA 602 

from a viral targeted metatranscriptome (the viral size fraction), the existence of RNA virions 603 

in the environment cannot be inferred. While cultured RNA phages are known to be lytic, 604 

many other RNA viruses do not have an extracellular phase in their life cycle, and do not kill 605 

their host but rather infect it chronically (Nuss, 2011). Moreover, no more than 3% of the 606 

phage genomes assembled contained a coat or capsid protein. Culturing viruses by plaque 607 

assays creates an inherent bias towards lytic viruses and precludes us from culturing non-608 

lytic RNA viruses. Therefore, we used burst sizes of cultured RNA phages to estimate the 609 

number of infected cells (virocells) rather than microbial mortality. Whether or not free 610 

virions of the RNA phages identified in this study exist, these phages would certainly affect 611 

their hosts dramatically, as active infections can rewire host metabolism and redirect 612 

resources from the cell towards viral replication. The number of bacteria per gram of soil has 613 

been estimated to range between 107–1010 (Forterre, 2013; Williamson et al., 2017). The 614 

lowest number of virocells we extrapolated, based on an average of 200,000 copies of 615 

phages genomes per virocell, was on the order or 107 cells per gram of soil, potentially 616 

accounting for up to 100% of bacteria. Therefore, we suggest the RNA phages may have an 617 

important role in shaping the bacterial community following soil wet-up, with at least a 618 

comparable impact to that of DNA phages. 619 

Our study aimed to describe the diversity and abundance patterns of RNA virus 620 

communities in Mediterranean grassland soil during the three weeks following rewetting, 621 

while testing whether viral and host communities were limited by phosphorus availability. 622 

We found that some RNA viruses were phosphorus-limited, while host communities were 623 

not. Notably, RNA phages bloomed in response to phosphorus amendment, potentially 624 

infecting a significant proportion of bacteria in rewetted soil. The most significant shifts in 625 

RNA viral communities occurred within the first week post-wet-up, suggesting a 626 

normalization period following the disturbance. Unlike prior studies on DNA viruses, which 627 

indicated that community trajectories were shaped by pre-existing viral populations, our 628 

results showed that RNA viral communities clustered more by phosphorus amendment than 629 

by time. Phosphate amendment significantly altered the RNA viral community, with 630 

differences persisting for three weeks, indicating that phosphorus availability impacts viral, 631 

not host, communities and shapes their composition. The majority of RNA viruses identified 632 

belonged to the phylum Lenarviricota, with RNA bacteriophages significantly proliferating 633 

after rewetting. Although we could not directly measure viral-induced mortality, we 634 

estimated that a substantial proportion of bacterial cells were likely infected by RNA phages, 635 

suggesting these viruses play a critical role in shaping bacterial communities. Overall, our 636 

findings provide important information on RNA virus communities and their host 637 

interactions in soil ecosystems, particularly their responses to environmental changes and 638 

nutrient amendments, indicating that RNA phages may influence biogeochemical cycling in 639 

a manner similar to DNA phages. 640 

 641 

Code availability 642 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted October 30, 2024. ; https://doi.org/10.1101/2024.10.30.616729doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.30.616729


 

   

 

R code used in this study is available on 643 

https://github.com/ellasiera/RNA_virus_wetup_2023. 644 

 645 

Acknowledgments 646 

We acknowledge that Hopland Research and Extension Center sits on the traditional, unceded 647 

land of the Pomo Indians. Research conducted at Lawrence Livermore National Laboratory 648 

took place on the territory of xučyun (Huichin), the ancestral and unceded land of the 649 

Chochenyo-speaking Ohlone people. We thank Christina Ramon and Julie Johnston for help 650 

in harvesting the microcosms and Jessica Wollard for help with extracting and sequencing 651 

DNA for the amplicon data. We thank Andy Millard for providing a courtesy review of the 652 

manuscript.  653 

 654 

Funding 655 

The work was supported by a Lawrence Livermore National Laboratory, Laboratory Directed 656 

Research & Development grant (21-LW-060) to GT and by LLNL’s U.S. Department of 657 

Energy, Office of Biological and Environmental Research, Genomic Science Program 658 

“Microbes Persist” Scientific Focus Area (#SCW1632). ETS was supported by a Marie 659 

Skolodowska-Curie postdoctoral fellowship “Divobis”. Work conducted at LLNL was 660 

conducted under the auspices of the US Department of Energy under Contract DE-AC52-661 

07NA27344. 662 

 663 

Author contributions 664 

GT conceptualized the study, acquired funding, ran the experimental procedures, supervised, 665 

and revised the paper. ETS performed data curation, formal data analysis, visualization, 666 

writing and revising. GME assisted with experimental procedures and writing and editing. 667 

JAK, GWN, CH, EEN, SJB and JPR assisted with experimental procedures, supervised data 668 

analyses, edited and revised the manuscript.  669 

 670 

References 671 

Abarenkov, K., Zirk, A., Piirmann, T., Pöhönen, R., Ivanov, F., Nilsson, R.H., Kõljalg, U., 672 

2023. UNITE QIIME release for eukaryotes 2. doi:10.15156/BIO/2938082 673 

Alcock, B.P., Raphenya, A.R., Lau, T.T.Y., Tsang, K.K., Bouchard, M., Edalatmand, A., 674 

Huynh, W., Nguyen, A.-L.V., Cheng, A.A., Liu, S., Min, S.Y., Miroshnichenko, A., 675 

Tran, H.-K., Werfalli, R.E., Nasir, J.A., Oloni, M., Speicher, D.J., Florescu, A., Singh, 676 

B., Faltyn, M., Hernandez-Koutoucheva, A., Sharma, A.N., Bordeleau, E., Pawlowski, 677 

A.C., Zubyk, H.L., Dooley, D., Griffiths, E., Maguire, F., Winsor, G.L., Beiko, R.G., 678 

Brinkman, F.S.L., Hsiao, W.W.L., Domselaar, G.V., McArthur, A.G., 2019. CARD 679 

2020: antibiotic resistome surveillance with the comprehensive antibiotic resistance 680 

database. Nucleic Acids Research. doi:10.1093/nar/gkz935 681 

Al-Shayeb, B., Sachdeva, R., Chen, L.-X., Ward, F., Munk, P., Devoto, A., Castelle, C.J., 682 

Olm, M.R., Bouma-Gregson, K., Amano, Y., He, C., Méheust, R., Brooks, B., 683 

Thomas, A., Lavy, A., Matheus-Carnevali, P., Sun, C., Goltsman, D.S.A., Borton, 684 

M.A., Sharrar, A., Jaffe, A.L., Nelson, T.C., Kantor, R., Keren, R., Lane, K.R., Farag, 685 

I.F., Lei, S., Finstad, K., Amundson, R., Anantharaman, K., Zhou, J., Probst, A.J., 686 

Power, M.E., Tringe, S.G., Li, W.-J., Wrighton, K., Harrison, S., Morowitz, M., 687 

Relman, D.A., Doudna, J.A., Lehours, A.-C., Warren, L., Cate, J.H.D., Santini, J.M., 688 

Banfield, J.F., 2020. Clades of huge phages from across Earth’s ecosystems. Nature 689 

578, 425–431. 690 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted October 30, 2024. ; https://doi.org/10.1101/2024.10.30.616729doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.30.616729


 

   

 

Angst, G., Mueller, K.E., Nierop, K.G.J., Simpson, M.J., 2021. Plant- or microbial-derived? 691 

A review on the molecular composition of stabilized soil organic matter. Soil Biology 692 

& Biochemistry 156, 108189. 693 

Anthony, M.A., Bender, S.F., van der Heijden, M.G.A., 2023. Enumerating soil biodiversity. 694 

Proceedings of the National Academy of Sciences of the United States of America 695 

120, e2304663120. 696 

Apprill, A., McNally, S., Parsons, R., Weber, L., 2015. Minor revision to V4 region SSU 697 

rRNA 806R gene primer greatly increases detection of SAR11 bacterioplankton. 698 

Aquatic Microbial Ecology: International Journal 75, 129–137. 699 

Babaian, A., Edgar, R., 2022. Ribovirus classification by a polymerase barcode sequence. 700 

PeerJ 10, e14055. 701 

Blazewicz, S.J., Hungate, B.A., Koch, B.J., Nuccio, E.E., Morrissey, E., Brodie, E.L., 702 

Schwartz, E., Pett-Ridge, J., Firestone, M.K., 2020. Taxon-specific microbial growth 703 

and mortality patterns reveal distinct temporal population responses to rewetting in a 704 

California grassland soil. The ISME Journal 14, 1520–1532. 705 

Bolger, A.M., Lohse, M., Usadel, B., 2014. Trimmomatic: a flexible trimmer for Illumina 706 

sequence data. Bioinformatics 30, 2114–2120. 707 

Bolyen, E., Rideout, J.R., Dillon, M.R., Bokulich, N.A., Abnet, C.C., Al-Ghalith, G.A., 708 

Alexander, H., Alm, E.J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J.E., Bittinger, 709 

K., Brejnrod, A., Brislawn, C.J., Brown, C.T., Callahan, B.J., Caraballo-Rodríguez, 710 

A.M., Chase, J., Cope, E.K., Da Silva, R., Diener, C., Dorrestein, P.C., Douglas, 711 

G.M., Durall, D.M., Duvallet, C., Edwardson, C.F., Ernst, M., Estaki, M., Fouquier, 712 

J., Gauglitz, J.M., Gibbons, S.M., Gibson, D.L., Gonzalez, A., Gorlick, K., Guo, J., 713 

Hillmann, B., Holmes, S., Holste, H., Huttenhower, C., Huttley, G.A., Janssen, S., 714 

Jarmusch, A.K., Jiang, L., Kaehler, B.D., Kang, K.B., Keefe, C.R., Keim, P., Kelley, 715 

S.T., Knights, D., Koester, I., Kosciolek, T., Kreps, J., Langille, M.G.I., Lee, J., Ley, 716 

R., Liu, Y.-X., Loftfield, E., Lozupone, C., Maher, M., Marotz, C., Martin, B.D., 717 

McDonald, D., McIver, L.J., Melnik, A.V., Metcalf, J.L., Morgan, S.C., Morton, J.T., 718 

Naimey, A.T., Navas-Molina, J.A., Nothias, L.F., Orchanian, S.B., Pearson, T., 719 

Peoples, S.L., Petras, D., Preuss, M.L., Pruesse, E., Rasmussen, L.B., Rivers, A., 720 

Robeson, M.S., II, Rosenthal, P., Segata, N., Shaffer, M., Shiffer, A., Sinha, R., Song, 721 

S.J., Spear, J.R., Swafford, A.D., Thompson, L.R., Torres, P.J., Trinh, P., Tripathi, A., 722 

Turnbaugh, P.J., Ul-Hasan, S., van der Hooft, J.J.J., Vargas, F., Vázquez-Baeza, Y., 723 

Vogtmann, E., von Hippel, M., Walters, W., Wan, Y., Wang, M., Warren, J., Weber, 724 

K.C., Williamson, C.H.D., Willis, A.D., Xu, Z.Z., Zaneveld, J.R., Zhang, Y., Zhu, Q., 725 

Knight, R., Caporaso, J.G., 2019. Reproducible, interactive, scalable and extensible 726 

microbiome data science using QIIME 2. Nature Biotechnology 37, 852–857. 727 

Boras, J.A., Sala, M.M., Vázquez-Domínguez, E., Weinbauer, M.G., Vaqué, D., 2009. Annual 728 

changes of bacterial mortality due to viruses and protists in an oligotrophic coastal 729 

environment (NW Mediterranean). Environmental Microbiology 11, 1181–1193. 730 

Bouras, G., Nepal, R., Houtak, G., Psaltis, A.J., Wormald, P.-J., Vreugde, S., 2023. Pharokka: 731 

a fast scalable bacteriophage annotation tool. Bioinformatics (Oxford, England) 39. 732 

doi:10.1093/bioinformatics/btac776 733 

Bushnell, B., 2014. BBTools software package. URL Http://Sourceforge. 734 

Net/Projects/Bbmap. 735 

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., Holmes, S.P., 2016. 736 

DADA2: High-resolution sample inference from Illumina amplicon data. Nature 737 

Methods 13, 581–583. 738 

Callanan, J., Stockdale, S., Shkoporov, A., Draper, L., Ross, R., Hill, C., 2018. RNA phage 739 

biology in a metagenomic era. Viruses 10, 386. 740 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted October 30, 2024. ; https://doi.org/10.1101/2024.10.30.616729doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.30.616729


 

   

 

Charon, J., Buchmann, J.P., Sadiq, S., Holmes, E.C., 2022. RdRp-scan: A bioinformatic 741 

resource to identify and annotate divergent RNA viruses in metagenomic sequence 742 

data. Virus Evolution 8, veac082. 743 

Chen, L., 2004. VFDB: a reference database for bacterial virulence factors. Nucleic Acids 744 

Research 33, D325–D328. 745 

Chen, Y.-M., Sadiq, S., Tian, J.-H., Chen, X., Lin, X.-D., Shen, J.-J., Chen, H., Hao, Z.-Y., 746 

Wille, M., Zhou, Z.-C., Wu, J., Li, F., Wang, H.-W., Yang, W.-D., Xu, Q.-Y., Wang, 747 

W., Gao, W.-H., Holmes, E.C., Zhang, Y.-Z., 2022. RNA viromes from terrestrial sites 748 

across China expand environmental viral diversity. Nature Microbiology 7, 1312–749 

1323. 750 

Current ICTV taxonomy release [WWW Document], n.d. URL https://ictv.global/taxonomy/ 751 

(accessed 3.12.24). 752 

Dahl, E.M., Neer, E., Bowie, K.R., Leung, E.T., Karstens, L., 2022. Microshades: An R 753 

package for improving color accessibility and organization of microbiome data. 754 

Microbiology Resource Announcements 11, e0079522. 755 

Durham, D.M., Sieradzki, E.T., ter Horst, A.M., Santos-Medellín, C., Bess, C.W.A., Geonczy, 756 

S.E., Emerson, J.B., 2022. Substantial differences in soil viral community 757 

composition within and among four Northern California habitats. ISME 758 

Communications 2, 1–5. 759 

Edgar, R.C., Taylor, B., Lin, V., Altman, T., Barbera, P., Meleshko, D., Lohr, D., Novakovsky, 760 

G., Buchfink, B., Al-Shayeb, B., Banfield, J.F., de la Peña, M., Korobeynikov, A., 761 

Chikhi, R., Babaian, A., 2022. Petabase-scale sequence alignment catalyses viral 762 

discovery. Nature 602, 142–147. 763 

Estaki, M., Jiang, L., Bokulich, N.A., McDonald, D., González, A., Kosciolek, T., Martino, 764 

C., Zhu, Q., Birmingham, A., Vázquez-Baeza, Y., Dillon, M.R., Bolyen, E., Caporaso, 765 

J.G., Knight, R., 2020. QIIME 2 enables comprehensive end-to-end analysis of 766 

diverse microbiome data and comparative studies with publicly available data. Et al 767 

[Current Protocols in Bioinformatics] 70, e100. 768 

FAO, 2021. Standard operating procedure for soil pH determination. 769 

Forterre, P., 2013. The virocell concept and environmental microbiology. The ISME Journal 770 

7, 233–236. 771 

Fuhrman, J.A., Schwalbach, M., 2003. Viral influence on aquatic bacterial communities. The 772 

Biological Bulletin 204, 192–195. 773 

Gagolewski, M., 2022. stringi: Fast and Portable Character String Processing in R. Journal of 774 

Statistical Software 103. doi:10.18637/jss.v103.i02 775 

Godon, J.-J., Bize, A., Ngo, H., Cauquil, L., Almeida, M., Petit, M.-A., Zemb, O., 2021. 776 

Bacterial consumption of T4 phages. Microorganisms 9, 1852. 777 

Graham, E.B., Camargo, A.P., Wu, R., Neches, R.Y., Nolan, M., Paez-Espino, D., Kyrpides, 778 

N.C., Jansson, J.K., McDermott, J.E., Hofmockel, K.S., Soil Virosphere Consortium, 779 

2024. A global atlas of soil viruses reveals unexplored biodiversity and potential 780 

biogeochemical impacts. Nature Microbiology 9, 1873–1883. 781 

Griffiths, R.I., Whiteley, A.S., O’Donnell, A.G., Bailey, M.J., 2000. Rapid method for 782 

coextraction of DNA and RNA from natural environments for analysis of ribosomal 783 

DNA- and rRNA-based microbial community composition. Applied and 784 

Environmental Microbiology 66, 5488–5491. 785 

Hahnke, R.L., Bennke, C.M., Fuchs, B.M., Mann, A.J., Rhiel, E., Teeling, H., Amann, R., 786 

Harder, J., 2015. Dilution cultivation of marine heterotrophic bacteria abundant after a 787 

spring phytoplankton bloom in the North Sea. Environmental Microbiology 17, 3515–788 

3526. 789 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted October 30, 2024. ; https://doi.org/10.1101/2024.10.30.616729doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.30.616729


 

   

 

Hillary, L.S., Adriaenssens, E.M., Jones, D.L., McDonald, J.E., 2022. RNA-viromics reveals 790 

diverse communities of soil RNA viruses with the potential to affect grassland 791 

ecosystems across multiple trophic levels. ISME Communications 2, 1–10. 792 

Hough, B., Steenkamp, E., Wingfield, B., Read, D., 2023. Fungal viruses unveiled: A 793 

comprehensive review of mycoviruses. Viruses 15. doi:10.3390/v15051202 794 

Hyatt, D., Chen, G.-L., Locascio, P.F., Land, M.L., Larimer, F.W., Hauser, L.J., 2010. 795 

Prodigal: prokaryotic gene recognition and translation initiation site identification. 796 

BMC Bioinformatics 11, 119. 797 

Ignacio-Espinoza, J.C., Ahlgren, N.A., Fuhrman, J.A., 2020. Long-term stability and Red 798 

Queen-like strain dynamics in marine viruses. Nature Microbiology 5, 265–271. 799 

Jover, L.F., Effler, T.C., Buchan, A., Wilhelm, S.W., Weitz, J.S., 2014. The elemental 800 

composition of virus particles: implications for marine biogeochemical cycles. Nature 801 

Reviews. Microbiology 12, 519–528. 802 

Kassambara, A., 2023. “ggplot2” Based Publication Ready Plots [R package ggpubr version 803 

0.6.0]. 804 

Katoh, K., Frith, M.C., 2012. Adding unaligned sequences into an existing alignment using 805 

MAFFT and LAST. Bioinformatics 28, 3144–3146. 806 

Klovins, J., Overbeek, G.P., van den Worm, S.H.E., Ackermann, H.-W., van Duin, J., 2002. 807 

Nucleotide sequence of a ssRNA phage from Acinetobacter: kinship to coliphages. 808 

The Journal of General Virology 83, 1523–1533. 809 

Kuraku, S., Zmasek, C.M., Nishimura, O., Katoh, K., 2013. aLeaves facilitates on-demand 810 

exploration of metazoan gene family trees on MAFFT sequence alignment server with 811 

enhanced interactivity. Nucleic Acids Research 41, W22-8. 812 

Kuzyakov, Y., Mason-Jones, K., 2018. Viruses in soil: Nano-scale undead drivers of 813 

microbial life, biogeochemical turnover and ecosystem functions. Soil Biology & 814 

Biochemistry 127, 305–317. 815 

Larralde, M., Zeller, G., 2023. PyHMMER: a Python library binding to HMMER for efficient 816 

sequence analysis. Bioinformatics (Oxford, England) 39. 817 

doi:10.1093/bioinformatics/btad214 818 

Lerer, V., Shlezinger, N., 2022. Inseparable companions: Fungal viruses as regulators of 819 

fungal fitness and host adaptation. Frontiers in Cellular and Infection Microbiology 820 

12. doi:10.3389/fcimb.2022.1020608 821 

Letunic, I., Bork, P., 2021. Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic 822 

tree display and annotation. Nucleic Acids Research 49, W293–W296. 823 

Liang, C., Amelung, W., Lehmann, J., Kästner, M., 2019. Quantitative assessment of 824 

microbial necromass contribution to soil organic matter. Global Change Biology 25, 825 

3578–3590. 826 

Love, M.I., Huber, W., Anders, S., 2014. Moderated estimation of fold change and dispersion 827 

for RNA-seq data with DESeq2. Genome Biology 15, 550. 828 

McNair, K., Zhou, C., Dinsdale, E.A., Souza, B., Edwards, R.A., 2019. PHANOTATE: a 829 

novel approach to gene identification in phage genomes. Bioinformatics (Oxford, 830 

England) 35, 4537–4542. 831 

Needham, D.M., Fuhrman, J.A., 2016. Pronounced daily succession of phytoplankton, 832 

archaea and bacteria following a spring bloom. Nature Microbiology. 833 

doi:10.1038/nmicrobiol.2016.5 834 

Neri, U., Wolf, Y.I., Roux, S., Camargo, A.P., Lee, B., Kazlauskas, D., Chen, I.M., Ivanova, 835 

N., Zeigler Allen, L., Paez-Espino, D., Bryant, D.A., Bhaya, D., RNA Virus 836 

Discovery Consortium, Krupovic, M., Dolja, V.V., Kyrpides, N.C., Koonin, E.V., 837 

Gophna, U., 2022. Expansion of the global RNA virome reveals diverse clades of 838 

bacteriophages. Cell 185, 4023-4037.e18. 839 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted October 30, 2024. ; https://doi.org/10.1101/2024.10.30.616729doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.30.616729


 

   

 

Neuwirth, E., 2022. ColorBrewer Palettes [R package RColorBrewer version 1.1-3]. 840 

Nicolas, A.M., Sieradzki, E.T., Pett-Ridge, J., Banfield, J.F., Taga, M.E., Firestone, M.K., 841 

Blazewicz, S.J., 2023. A subset of viruses thrives following microbial resuscitation 842 

during rewetting of a seasonally dry California grassland soil. Nature 843 

Communications 14, 5835. 844 

Nuss, D.L., 2011. Mycoviruses, RNA silencing, and viral RNA recombination. Advances in 845 

Virus Research 80, 25–48. 846 

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’hara, R.B., Simpson, 847 

G.L., Solymos, P., Stevens, M.H.H., Wagner, H., 2020. Vegan: community ecology 848 

package. R package version 2.3-0; 2015. Scientific Reports 10, 20354. 849 

Olendraite, I., Brown, K., Firth, A.E., 2023. Identification of RNA Virus-Derived RdRp 850 

Sequences in Publicly Available Transcriptomic Data Sets. Molecular Biology and 851 

Evolution 40. doi:10.1093/molbev/msad060 852 

Parada, A.E., Needham, D.M., Fuhrman, J.A., 2016. Every base matters: assessing small 853 

subunit rRNA primers for marine microbiomes with mock communities, time series 854 

and global field samples. Environmental Microbiology 18, 1403–1414. 855 

Paradis, E., Schliep, K., 2019. ape 5.0: an environment for modern phylogenetics and 856 

evolutionary analyses in R. Bioinformatics 35, 526–528. 857 

Prjibelski, A., Antipov, D., Meleshko, D., Lapidus, A., Korobeynikov, A., 2020. Using 858 

SPAdes De Novo Assembler. Current Protocols in Bioinformatics / Editoral Board, 859 

Andreas D. Baxevanis ... [et Al.] 70, e102. 860 

Roux, S., Camargo, A.P., Coutinho, F.H., Dabdoub, S.M., Dutilh, B.E., Nayfach, S., Tritt, A., 861 

2023. iPHoP: An integrated machine learning framework to maximize host prediction 862 

for metagenome-derived viruses of archaea and bacteria. PLoS Biology 21, e3002083. 863 

Roux, S., Krupovic, M., Daly, R.A., Borges, A.L., Nayfach, S., Schulz, F., Sharrar, A., 864 

Matheus Carnevali, P.B., Cheng, J.-F., Ivanova, N.N., Bondy-Denomy, J., Wrighton, 865 

K.C., Woyke, T., Visel, A., Kyrpides, N.C., Eloe-Fadrosh, E.A., 2019. Cryptic 866 

inoviruses revealed as pervasive in bacteria and archaea across Earth’s biomes. Nature 867 

Microbiology 4, 1895–1906. 868 

Sakaguchi, S., Urayama, S.-I., Takaki, Y., Hirosuna, K., Wu, H., Suzuki, Y., Nunoura, T., 869 

Nakano, T., Nakagawa, S., 2022. NeoRdRp: A Comprehensive Dataset for Identifying 870 

RNA-dependent RNA Polymerases of Various RNA Viruses from Metatranscriptomic 871 

Data. Microbes and Environments / JSME 37. doi:10.1264/jsme2.ME22001 872 

Santos-Medellín, C., Blazewicz, S.J., Pett-Ridge, J., Firestone, M.K., Emerson, J.B., 2023. 873 

Viral but not bacterial community successional patterns reflect extreme turnover 874 

shortly after rewetting dry soils. Nature Ecology & Evolution. doi:10.1038/s41559-875 

023-02207-5 876 

Santos-Medellín, C., Estera-Molina, K., Yuan, M., Pett-Ridge, J., Firestone, M.K., Emerson, 877 

J.B., 2022. Spatial turnover of soil viral populations and genotypes overlain by 878 

cohesive responses to moisture in grasslands. Proceedings of the National Academy of 879 

Sciences of the United States of America 119, e2209132119. 880 

Shaffer, M., Borton, M.A., McGivern, B.B., Zayed, A.A., La Rosa, S.L., Solden, L.M., Liu, 881 

P., Narrowe, A.B., Rodríguez-Ramos, J., Bolduc, B., Gazitúa, M.C., Daly, R.A., 882 

Smith, G.J., Vik, D.R., Pope, P.B., Sullivan, M.B., Roux, S., Wrighton, K.C., 2020. 883 

DRAM for distilling microbial metabolism to automate the curation of microbiome 884 

function. Nucleic Acids Research. doi:10.1093/nar/gkaa621 885 

Sherrill-Mix, S., 2023. Functions to Work with NCBI Accessions and Taxonomy [R package 886 

taxonomizr version 0.10.6]. 887 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted October 30, 2024. ; https://doi.org/10.1101/2024.10.30.616729doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.30.616729


 

   

 

Sokol, N.W., Sanderman, J., Bradford, M.A., 2019. Pathways of mineral-associated soil 888 

organic matter formation: Integrating the role of plant carbon source, chemistry, and 889 

point of entry. Global Change Biology 25, 12–24. 890 

Sokol, N.W., Slessarev, E., Marschmann, G.L., Nicolas, A., Blazewicz, S.J., Brodie, E.L., 891 

Firestone, M.K., Foley, M.M., Hestrin, R., Hungate, B.A., Koch, B.J., Stone, B.W., 892 

Sullivan, M.B., Zablocki, O., LLNL Soil Microbiome Consortium, Pett-Ridge, J., 893 

2022. Life and death in the soil microbiome: how ecological processes influence 894 

biogeochemistry. Nature Reviews. Microbiology 20, 415–430. 895 

Starr, E.P., Nuccio, E.E., Pett-Ridge, J., Banfield, J.F., Firestone, M.K., 2019. 896 

Metatranscriptomic reconstruction reveals RNA viruses with the potential to shape 897 

carbon cycling in soil. Proceedings of the National Academy of Sciences of the 898 

United States of America 116, 25900–25908. 899 

Starr, E.P., Shi, S., Blazewicz, S.J., Koch, B.J., Probst, A.J., Hungate, B.A., Pett-Ridge, J., 900 

Firestone, M.K., Banfield, J.F., 2021. Stable-Isotope-Informed, Genome-Resolved 901 

Metagenomics Uncovers Potential Cross-Kingdom Interactions in Rhizosphere Soil. 902 

MSphere. doi:10.1128/msphere.00085-21 903 

Steinegger, M., Söding, J., 2017. MMseqs2 enables sensitive protein sequence searching for 904 

the analysis of massive data sets. Nature Biotechnology 35, 1026–1028. 905 

Suttle, C.A., 2007. Marine viruses--major players in the global ecosystem. Nature Reviews. 906 

Microbiology 5, 801–812. 907 

Taylor, D.L., Walters, W.A., Lennon, N.J., Bochicchio, J., Krohn, A., Caporaso, J.G., 908 

Pennanen, T., 2016. Accurate estimation of fungal diversity and abundance through 909 

improved lineage-specific primers optimized for Illumina amplicon sequencing. 910 

Applied and Environmental Microbiology 82, 7217–7226. 911 

Teeling, H., Fuchs, B.M., Becher, D., Klockow, C., Gardebrecht, A., Bennke, C.M., 912 

Kassabgy, M., Huang, S., Mann, A.J., Waldmann, J., Weber, M., Klindworth, A., Otto, 913 

A., Lange, J., Bernhardt, J., Reinsch, C., Hecker, M., Peplies, J., Bockelmann, F.D., 914 

Callies, U., Gerdts, G., Wichels, A., Wiltshire, K.H., Glöckner, F.O., Schweder, T., 915 

Amann, R., 2012. Substrate-controlled succession of marine bacterioplankton 916 

populations induced by a phytoplankton bloom. Science (New York, N.Y.) 336, 608–917 

611. 918 

Ter Horst, A.M., Santos-Medellín, C., Sorensen, J.W., Zinke, L.A., Wilson, R.M., Johnston, 919 

E.R., Trubl, G., Pett-Ridge, J., Blazewicz, S.J., Hanson, P.J., Chanton, J.P., Schadt, 920 

C.W., Kostka, J.E., Emerson, J.B., 2021. Minnesota peat viromes reveal terrestrial and 921 

aquatic niche partitioning for local and global viral populations. Microbiome 9, 233. 922 

Terzian, P., Olo Ndela, E., Galiez, C., Lossouarn, J., Pérez Bucio, R.E., Mom, R., Toussaint, 923 

A., Petit, M.-A., Enault, F., 2021. PHROG: families of prokaryotic virus proteins 924 

clustered using remote homology. NAR Genomics and Bioinformatics 3, lqab067. 925 

Thingstad, T.F., 2000. Elements of a Theory for the Mechanisms Controlling Abundance, 926 

Diversity, and Biogeochemical Role of Lytic Bacterial Viruses in Aquatic Systems. 927 

Limnology and Oceanography 45, 1320–1328. 928 

Tong, D., Wang, Y., Yu, H., Shen, H., Dahlgren, R.A., Xu, J., 2023. Viral lysing can alleviate 929 

microbial nutrient limitations and accumulate recalcitrant dissolved organic matter 930 

components in soil. The ISME Journal 17, 1247–1256. 931 

Trubl, G., Jang, H.B., Roux, S., Emerson, J.B., Solonenko, N., Vik, D.R., Solden, L., 932 

Ellenbogen, J., Runyon, A.T., Bolduc, B., Woodcroft, B.J., Saleska, S.R., Tyson, 933 

G.W., Wrighton, K.C., Sullivan, M.B., Rich, V.I., 2018. Soil Viruses Are 934 

Underexplored Players in Ecosystem Carbon Processing. MSystems 3. 935 

doi:10.1128/mSystems.00076-18 936 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted October 30, 2024. ; https://doi.org/10.1101/2024.10.30.616729doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.30.616729


 

   

 

Trubl, G., Kimbrel, J.A., Liquet-Gonzalez, J., Nuccio, E.E., Weber, P.K., Pett-Ridge, J., 937 

Jansson, J.K., Waldrop, M.P., Blazewicz, S.J., 2021. Active virus-host interactions at 938 

sub-freezing temperatures in Arctic peat soil. Microbiome 9, 208. 939 

Vaqué, D., Boras, J.A., Torrent-Llagostera, F., Agustí, S., Arrieta, J.M., Lara, E., Castillo, 940 

Y.M., Duarte, C.M., Sala, M.M., 2017. Viruses and protists induced-mortality of 941 

prokaryotes around the Antarctic Peninsula during the Austral summer. Frontiers in 942 

Microbiology 8, 241. 943 

Walker, P.J., Siddell, S.G., Lefkowitz, E.J., Mushegian, A.R., Adriaenssens, E.M., Alfenas-944 

Zerbini, P., Dempsey, D.M., Dutilh, B.E., García, M.L., Curtis Hendrickson, R., 945 

Junglen, S., Krupovic, M., Kuhn, J.H., Lambert, A.J., Łobocka, M., Oksanen, H.M., 946 

Orton, R.J., Robertson, D.L., Rubino, L., Sabanadzovic, S., Simmonds, P., Smith, 947 

D.B., Suzuki, N., Van Doorslaer, K., Vandamme, A.-M., Varsani, A., Zerbini, F.M., 948 

2022. Recent changes to virus taxonomy ratified by the International Committee on 949 

Taxonomy of Viruses (2022). Archives of Virology 167, 2429–2440. 950 

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., François, R., Grolemund, G., 951 

Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T., Miller, E., Bache, S., Müller, 952 

K., Ooms, J., Robinson, D., Seidel, D., Spinu, V., Takahashi, K., Vaughan, D., Wilke, 953 

C., Woo, K., Yutani, H., 2019. Welcome to the tidyverse. Journal of Open Source 954 

Software 4, 1686. 955 

Wilhelm, S.W., Suttle, C.A., 1999. Viruses and nutrient cycles in the sea: viruses play critical 956 

roles in the structure and function of aquatic food webs. Bioscience 49, 781–788. 957 

Williamson, K.E., Fuhrmann, J.J., Wommack, K.E., Radosevich, M., 2017. Viruses in Soil 958 

Ecosystems: An Unknown Quantity Within an Unexplored Territory. Annual Review 959 

of Virology 4, 201–219. 960 

Williamson, K.E., Radosevich, M., Smith, D.W., Wommack, K.E., 2007. Incidence of 961 

lysogeny within temperate and extreme soil environments. Environmental 962 

Microbiology 9, 2563–2574. 963 

Wolf, Y.I., Kazlauskas, D., Iranzo, J., Lucía-Sanz, A., Kuhn, J.H., Krupovic, M., Dolja, V.V., 964 

Koonin, E.V., 2018. Origins and evolution of the global RNA virome. MBio 9. 965 

doi:10.1128/mbio.02329-18 966 

Wu, R., Bottos, E.M., Danna, V.G., Stegen, J.C., Jansson, J.K., Davison, M.R., 2022. RNA 967 

viruses linked to eukaryotic hosts in thawed permafrost. MSystems 7. 968 

doi:10.1128/msystems.00582-22 969 

Wu, R., Davison, M.R., Gao, Y., Nicora, C.D., Mcdermott, J.E., Burnum-Johnson, K.E., 970 

Hofmockel, K.S., Jansson, J.K., 2021. Moisture modulates soil reservoirs of active 971 

DNA and RNA viruses. Communications Biology 4, 1–11. 972 

Yang, R.-H., Su, J.-H., Shang, J.-J., Wu, Y.-Y., Li, Y., Bao, D.-P., Yao, Y.-J., 2018. Evaluation 973 

of the ribosomal DNA internal transcribed spacer (ITS), specifically ITS1 and ITS2, 974 

for the analysis of fungal diversity by deep sequencing. PloS One 13, e0206428. 975 

Zinder, N.D., 1980. Portraits of viruses: RNA phage. Intervirology 13, 257–270. 976 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted October 30, 2024. ; https://doi.org/10.1101/2024.10.30.616729doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.30.616729

