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Abstract 13 

Although soil viral abundance, diversity, and potential roles in microbial community 14 

dynamics and biogeochemical cycling are beginning to be appreciated1–5, little is known 15 

about the patterns and drivers of soil viral community composition that underlie their 16 

contributions to terrestrial ecology. Here, we analyzed 43 soil viromes from a precipitation 17 

manipulation experiment in a Mediterranean grassland in California, USA. We recovered 18 

5,315 viral population sequences (vOTUs), and viral community composition exhibited a 19 

highly significant distance-decay relationship within the 18 m long field. This pattern was 20 

recapitulated in the microheterogeneity of 130 prevalent vOTUs (detected in >=90% of 21 

the viromes), which tended to exhibit significant negative correlations between genomic 22 

similarity of their predominant allelic variants and distance. Although spatial turnover was 23 
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also observed in the bacterial and archaeal communities from the same soils, the signal 24 

was dampened relative to the viromes, suggesting differences in assembly drivers at local 25 

scales for viruses and their microbial hosts and/or differences in the temporal scales 26 

captured by viromes and total DNA. Despite the overwhelming spatial signal, vOTUs 27 

responsive to a decrease in soil moisture were significantly enriched in a predicted 28 

protein-sharing subnetwork of 326 vOTUs linked to 191 known actinobacteriophages, 29 

suggesting a genomically cohesive viral response to soil moisture evocative of 30 

environmental filtering, potentially by way of actinobacterial hosts. Overall, soil viral 31 

ecological processes appear to be highly constrained in space and tightly coupled to the 32 

heterogeneous, dynamic soil environment and thus fundamentally different from those of 33 

their well-mixed and more thoroughly studied marine counterparts. 34 

 35 

Main text 36 

With an estimated area of 52.5 million square kilometers6, grasslands are major 37 

contributors to the cycling7 and storage8 of soil organic carbon at a global scale. Soil 38 

microorganisms play key roles in these biogeochemical processes9,10, and, by infecting 39 

soil microbiota11, viruses likely have substantial direct and indirect impacts on the 40 

resulting carbon dynamics12. More generally, the potential importance of viruses in 41 

soils1,2,13,14, together with their measured high abundance (107 to 1010 virus-like particles 42 

per gram of soil1) and improvements in our ability to sequence and track soil viral 43 

genomes12,15, has led to a renewed flurry of investigations into soil viral diversity and 44 

ecology3–5,16–21. Yet, despite a new appreciation for the vast diversity of soil viruses3–5,16–45 

18, little is known about the factors that govern soil viral community assembly. 46 
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To survey dsDNA viral diversity and investigate viral community compositional 47 

patterns in Mediterranean grasslands, we collected surface (0 - 15 cm) soil samples from 48 

a field site at the Hopland Research and Extension Center in northern California (Figure 49 

1a). Since 2017, as part of a large-scale study on the impact of decreased precipitation 50 

on soil biotic interactions22, experimental plots have received either 100% or 50% of the 51 

average historical precipitation at the site via rainfall-excluding shelters and controlled 52 

irrigation (Supplementary Figure 1c,d). Soils were collected from 22 densely-rooted 53 

locations within 15 plots at two time points (March and April, T1 and T2, respectively) 54 

during the 2020 growing season of Avena barbata, the naturalized annual grass that 55 

dominates the site (Supplementary Figure 1a,b,e). Soil viral community composition 56 

was profiled via 44 viral size-fraction metagenomes (viromes). Assemblies yielded 30,238 57 

contigs >10 Kbp, of which 18,040 were identified as viral by VIBRANT23. Viral contig 58 

clustering at ≥ 95% average nucleotide identity (ANI) yielded 6,088 approximately 59 

species-level24 viral operational taxonomic units (vOTUs)24 that served as references for 60 

read recruitment to establish vOTU relative abundances. After removing vOTUs 61 

exclusively detected in single samples and excluding one virome due to poor vOTU 62 

recovery, the final dataset consisted of 43 viromes and 5,315 vOTUs. 63 

Viral community beta-diversity patterns were largely explained by the spatial 64 

arrangement of plots in the field, as evidenced by a longitudinal gradient captured by the 65 

first axis of a principal coordinates analysis (PCoA) and the separation of the upper and 66 

lower blocks along the second axis (Figure 1b). A significant negative correlation 67 

between Bray-Curtis similarity and spatial distance between plots (Figure 1c) further 68 

revealed that distance-decay relationships were a key driver of viral community 69 
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composition. These trends were reinforced by substantial differences in individual vOTU 70 

detection patterns: of 5,135 vOTUs, 50% were detected in 9 or fewer of the 43 samples 71 

(Supplementary Figure 2b). Moreover, the percentage of vOTUs shared between pairs 72 

of viromes declined steeply as spatial separation increased (Supplementary Figure 2c).  73 

To assess whether the bacterial and archaeal communities displayed similar 74 

spatial patterns, we performed 16S rRNA gene amplicon profiling on total DNA extracted 75 

from the same soil samples used to generate the viromes. While some spatial structuring 76 

of the bacterial and archaeal communities was observed, this pattern was only evident 77 

along the fourth and fifth axes in a principal coordinates analysis (Figure 2d). Similarly, 78 

even though spatial distance was significantly negatively correlated with microbial 79 

community Bray-Curtis similarity (Figure 2e), this association was not as pronounced as 80 

for the viral communities. In particular, the turnover rate of community similarity over 81 

distance (the slope of the distance-decay relationship) for viruses was 5.7 times higher 82 

than for bacteria and archaea.  These differences in the strength of the spatial patterns 83 

between viruses and prokaryotes could be related to differences in the integrated 84 

temporal scales captured by DNA pools in viromes compared to total DNA25. For 85 

example, relic DNA26 and DNA from dormant biota27 could mask the signal from active 86 

microbes in total DNA pools, while the large burst sizes characteristic of viral replication 87 

could amplify the signal of recent viral infections in the viromes. The disparity in distance-88 

decay relationships between viral and prokaryotic communities also hints at an oversized 89 

role of spatial structuring on the composition of the soil virosphere, an observation that 90 

parallels trends recently described for agricultural soils, in which viral but not prokaryotic 91 

communities were structured along an 18 m spatial gradient16.  92 
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The observed differences in distance-decay patterns for viral and prokaryotic 93 

communities suggest that the underlying assembly processes governing spatial 94 

structuring at local scales could be differentially impacting these two components of the 95 

soil microbiome. For example, contrasting dispersal limitations linked to size, adsorption 96 

specificities, and transport mechanisms could result in divergent assembly patterns 97 

between viruses and cellular microorganisms28,29. Significant spatial patterns in the 98 

abiotic environment (Supplementary Figure 3a), including in calcium concentrations 99 

(Supplementary Figure 3b), are consistent with this possibility as attachment to soil 100 

surfaces in the presence of Ca2+ can be significantly higher for viruses than for bacteria29, 101 

potentially impacting their relative movement in soil. At the same time, environmental 102 

selection, whereby abiotic and/or biotic factors influence the distribution of microbial 103 

populations through selective pressure30, could be particularly relevant for viral 104 

community assembly, given that viruses  depend not only on the edaphic properties that 105 

affect their viability and transport but also on the successful infection of suitable hosts31. 106 

As one example of likely environmental selection on viruses, presumably partly by way of 107 

their hosts, RNA viral communities in grasslands were shown to differ significantly in the 108 

presence of plant litter and across soil compartments, with patterns similar to those of 109 

their host communities18. The stronger spatial structuring of viral relative to prokaryotic 110 

communities that we observed could be due to a combination of greater dispersal 111 

limitation, environmental filtering directly on the viruses, and/or environmental filtering on 112 

the hosts, such that even the observed dampened spatial structuring of hosts could 113 

amplify the spatial structuring of viruses. 114 
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In addition to environmental selection and dispersal, diversification (i.e., the 115 

generation of novel genetic variation) can contribute to diversity patterns in microbial 116 

communities30,32,33. To explore the role of spatial structuring on viral genotypic 117 

heterogeneity across the field site, we profiled within-population genomic variation. 118 

Briefly, using inStrain34, we scanned all mapped reads assigned to individual vOTUs and 119 

identified polymorphic sites. Then, we reconstructed sample-specific consensus vOTU 120 

sequences and assessed inter-sample vOTU genomic similarities via pairwise ANI 121 

comparisons. Given that most vOTUs were detected in a limited number of viromes 122 

(Supplementary Figure 2b), we restricted this analysis to a subset of 130 vOTUs that 123 

were detected in at least 90% of the samples. This set of prevalent vOTUs not only tended 124 

to display high levels of strain heterogeneity (Figure 2a) but also consisted of some of 125 

the most abundant viral community members (Figure 2b). The ANI distributions revealed 126 

a wide range of genomic variation: while some prevalent vOTUs had pairwise similarities 127 

close to 0.95 ANI (the threshold used to define a viral population), others appeared nearly 128 

clonal across samples (Figure 2c). Microdiversity was frequently structured across the 129 

longitudinal gradient in the field. For 25% of the prevalent vOTUs and 58% of the 26 most 130 

variable such vOTUs (with median ANIs < 99.5%), genomic similarity displayed a 131 

significant negative correlation with spatial distance, indicating that the predominant allelic 132 

variants tended to diverge with increasing distance (Figure 2d). Altogether, these results 133 

show that viral community composition and the genetic makeup of viral populations 134 

exhibited significant distance-decay relationships across the field, suggesting that most 135 

virus-host interactions that lead to successful infections occur within highly localized 136 

areas (likely on the scale of meters or less) in these soils. 137 
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Although spatial structuring emerged as the predominant driver of viral diversity 138 

patterns, we suspected that the contribution of other factors, such as the experimental 139 

precipitation treatments, might have been masked by the spatial signal. We thus 140 

examined the remaining axes of our principal coordinates analysis (Figure 1b) and found 141 

that PCo3, which accounted for 8.24% of variance in the dataset, captured a significant 142 

distinction between April (time point 2, T2) samples from 50% precipitation plots (‘T2-50’ 143 

samples) and the rest of the viromes (Figure 3a). Gravimetric soil moisture contents were 144 

also significantly lower for these T2-50 samples (Figure 3b), reflecting similar water 145 

application across all plots shortly before T1 (Supplementary Figure 1d) followed by 146 

precipitation exclusion treatments predominantly in the 50% treatment plots between the 147 

two sampling time points (Supplementary Figure 1c,d). The separation of viral 148 

communities from the T2-50 samples relative to the rest of the dataset suggests that viral 149 

communities were structured more by current or very recent moisture regimes than by 150 

historical effects of precipitation treatments that occurred over the preceding three years.  151 

We next sought to identify vOTUs with significant responses to these soil moisture 152 

patterns so that we could investigate potential commonalities among them. An indicator 153 

species analysis revealed 529 vOTUs that were significantly enriched in T2-50 viromes 154 

relative to the rest of the samples and 384 vOTUs that were significantly depleted (Figure 155 

3c). Much like phylogenetic conservation of some functional traits in bacteria35, we 156 

wondered whether analyses at higher levels of viral genome conservation might reveal a 157 

cohesive response to soil moisture, and we leveraged protein sequence similarity 158 

networks to explore this possibility. Using vConTACT236, we constructed a network of 159 

vOTUs (nodes), in which each edge indicated significant overlap in predicted protein 160 
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contents between a pair of vOTUs. We then adapted an algorithm designed to assess 161 

local overrepresentation of traits in biological networks37 to characterize the network 162 

distribution of soil-moisture-responding vOTUs. Briefly, for each vOTU, we identified a 163 

local neighborhood of all vOTUs that could be reached, either directly or indirectly, via an 164 

edge path with a length shorter than the first percentile of all pairwise node distances in 165 

the network. After discarding all local neighborhoods with fewer than 10 vOTUs, we 166 

recovered 2,865 subnetworks of highly interconnected nodes with a median size of 39 167 

vOTUs, allowing us to consider many more sizeable groups of related vOTUs than a 168 

standard vConTACT2 analysis of ‘genus-level’ viral clusters (VCs)17,38, given that we 169 

could only identify 24 VCs with at least 10 vOTUs in this dataset. Next, we performed 170 

hypergeometric tests to assess the overrepresentation of vOTUs enriched or depleted in 171 

T2-50 samples within each network neighborhood. A total of 108 neighborhoods showed 172 

a significant overabundance of vOTUs consistently enriched in T2-50 samples, with 26 to 173 

67% of vOTUs in these neighborhoods displaying this trait, compared to only 10% of 174 

vOTUs in the whole network (Supplementary Figure 4a-c). This pattern contrasted with 175 

the lack of substantial network aggregation of vOTUs depleted in T2-50 samples, as only 176 

four small, local neighborhoods displayed a significant, albeit weak, overrepresentation 177 

of this trait (Supplementary Figure 4a-b). Interestingly, all of the significantly T2-50 178 

enriched trait neighborhoods were constrained to a single region in the protein-sharing 179 

network, indicating that a relatively genomically cohesive group of vOTUs tended to be 180 

enriched in T2-50 samples. Furthermore, the indicator vOTUs within this subnetwork 181 

covered a range of detection patterns across samples (occupancies) and were distributed 182 

across the field (Supplementary Figure 5a,b), suggesting that, despite the strong spatial 183 
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structuring of viral communities overall, this group of genomically related vOTUs 184 

responded cohesively to changes in soil moisture, regardless of their locations in the field. 185 

To further explore the subnetwork with a significant overrepresentation of T2-50-enriched 186 

vOTUs, we performed a second protein-sharing network analysis, this time including all 187 

prokaryotic viral genomes in the NCBI RefSeq database. We identified edge connections 188 

between vOTUs in the low moisture trait subnetwork and RefSeq viral genomes, in order 189 

to assess network neighborhood trends in viral and host taxonomy (Supplementary 190 

Figure 6a-c). Of 326 vOTUs in the subnetwork, 96 were connected to at least one RefSeq 191 

viral genome, all of which were classified as Siphoviridae or as undefined viruses from 192 

the order Caudovirales (Supplementary Figure 6b), both taxonomic classifications 193 

currently under consideration to be replaced by monophyletic genome-based families39. 194 

More interestingly, all 191 RefSeq viral genomes connected to a trait subnetwork vOTU 195 

were isolated from Actinobacteria hosts, suggesting that the low-moisture-responsive 196 

vOTU subnetwork was largely comprised of actinobacteriophages (Figure 3e). In 197 

contrast, only 38% of all 971 vOTUs associated with RefSeq genomes across the entire 198 

network were exclusively linked to an actinobacteriophage (Supplementary Figure 6c), 199 

indicating a substantial concentration of putative actinobacteriophages in the subnetwork.  200 

Many actinobacteria are drought resistant members of the soil microbiome that 201 

can increase their activity and abundance under low moisture conditions across multiple 202 

environments40–43, including Mediterranean grasslands44. While Actinobacteria was 203 

among the most abundant phyla in the 16S rRNA gene amplicon profiles, there were no 204 

significant differences in its relative abundance across watering treatments or time points 205 

(Supplementary Figure 7a-b). Furthermore, even though the first axis of a principal 206 

.CC-BY-NC-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 24, 2022. ; https://doi.org/10.1101/2022.03.24.485562doi: bioRxiv preprint 

https://paperpile.com/c/F3VGUy/VWCb
https://paperpile.com/c/F3VGUy/XhRH+1bdB+kJC9+UvHA
https://paperpile.com/c/F3VGUy/ocZ9
https://doi.org/10.1101/2022.03.24.485562
http://creativecommons.org/licenses/by-nc-nd/4.0/


 10 

coordinates analysis captured a compositional shift from March (T1) to April (T2), there 207 

was no clear distinction between T2-50 microbial communities and the rest of the 208 

samples. While these results suggest that the effect of low moisture on overall 209 

composition observed in the virosphere was not recapitulated by bacterial and archaeal 210 

communities (Supplementary Figure 8), it is also possible that the presence of genetic 211 

material from dead and dormant cells in the total DNA profiles could have concealed 212 

underlying ecological dynamics driven by physiologically active microorganisms26,27. In 213 

particular, because of its high abundance in soils45, extracellular DNA from dead cells can 214 

introduce substantial biases in estimates of microbial abundance, especially when the 215 

turnover rate of this relic DNA is disrupted by environmental perturbations, such as 216 

bacteriophage blooms25.  217 

To consider the relic DNA pool in our samples more directly, we recovered reads 218 

classified as 16S rRNA gene fragments from virome profiles. Given that viral enrichment 219 

in viromes was achieved via 0.22-µm filtration prior to DNA extraction, any bacterial and 220 

archaeal sequences present in these libraries likely originated from relic DNA or small (< 221 

0.22 µm) microbial cells46,47. Interestingly, the relative abundance of Actinobacteria 16S 222 

rRNA gene reads recovered from T2-50 viromes was significantly higher than in any other 223 

group of samples (Supplementary Figure 7c-d). This increase in free Actinobacteria 224 

DNA, coupled with the enrichment of putative actinophages in the T2-50 subnetworks 225 

(Figure 3e), suggests a potential increase in the infection and lysis of Actinobacteria 226 

hosts under lower moisture conditions.  227 

Overall, our results suggest active and highly dynamic grassland viral communities 228 

that are structured over space and can respond cohesively to environmental conditions, 229 
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such as decreases in soil moisture. The high degree of spatial turnover within one field 230 

during one growing season suggests dispersal limitation for most viral populations on 231 

scales of meters and months, consistent with estimates that microbes typically travel less 232 

than 1 cm per day in most unsaturated soil conditions48,49. Our results suggest that 233 

relevant spatiotemporal scales and patterns of viral ecological processes may be 234 

fundamentally different in soil from those in well-mixed and more thoroughly studied 235 

marine environments. Although evidence for the importance of dispersal in structuring 236 

ocean viral communities has been reported50, this was on the global scale of ocean 237 

currents. In the oceans, many of the same viral populations have been recovered in 238 

globally distributed samples and/or in the same place over long periods of time (5 239 

years)33,50. While these scales have yet to be rigorously studied in soil, the stark 240 

differences in viral community composition across a single grassland field suggest that 241 

we should not expect similar scales of viral population homogeneity. Interestingly, 242 

evidence for high turnover in viral genotypes has been shown in the oceans over time33, 243 

similar to the patterns that we observed here in soil over space. Overall, soil viral 244 

community assembly and dispersal patterns seem to be tightly coupled to the 245 

heterogeneous and dynamic biotic and abiotic landscape of the local environment, and it 246 

will be interesting to see how these local patterns scale over more extensive temporal 247 

and spatial distances.  248 

249 

.CC-BY-NC-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 24, 2022. ; https://doi.org/10.1101/2022.03.24.485562doi: bioRxiv preprint 

https://paperpile.com/c/F3VGUy/SHto+4Lfz
https://paperpile.com/c/F3VGUy/Drft
https://paperpile.com/c/F3VGUy/Drft+9LWa
https://paperpile.com/c/F3VGUy/9LWa
https://doi.org/10.1101/2022.03.24.485562
http://creativecommons.org/licenses/by-nc-nd/4.0/


 12 

Materials and methods 250 

 251 

Field experiment and sample collection 252 

Samples were collected as part of a large-scale rainfall manipulation field experiment22 at 253 

the University of California Hopland Research and Extension Center (39° 00′ 14.6″ N, 254 

123° 05′ 09.1″ W). The field site contained 15 plots (1.8-by-1.8 m) arranged in two 255 

separate blocks 7.5 m apart: a 16.2-m-long upper block with 9 plots and a 10.8-m-long 256 

lower block with 6 plots (Figure 1a). Plot boundaries were delimited by 1-m-deep plastic 257 

liners, installed in the spring of 2017, that limited water transfer between adjacent soils. 258 

Each plot contained 8 circular subplots (40 cm diameter) delineated by 15-cm-deep PVC 259 

collars, and each subplot was further segmented in two halves by a 15-cm-deep 260 

plexiglass divider (Supplementary Figure 1b). Starting in 2017 and continuing until 261 

2020, plots were exposed to 2 multi-year precipitation regimes with the amount of water 262 

received by each plot adjusted to match 100% or 50% of the average historical 263 

precipitation at the site. Differential watering was achieved by the periodic deployment of 264 

rainfall-excluding shelters (Supplementary Figure 1c) and by controlled irrigation of 265 

individual plots (Supplementary Figure 1d). For this study, soil samples were harvested 266 

from 22 subplots distributed across the 15 plots (Supplementary Figure 1a). All collected 267 

subplots were located within a 60 cm radius from the center of each plot. Collections were 268 

performed on March 13th and April 14th, 2020 (T1 and T2, respectively) during the active 269 

growth phase of Avena barbata (Supplementary Figure 1e). For each time point, half of 270 

each subplot was destructively harvested. Samples were processed by removing any 271 

visible roots, homogenizing the soil, and storing the soil at -80 ºC until further processing. 272 
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For soil moisture measurements, separate fresh soil sub-samples were collected and 273 

processed immediately. 274 

 275 

Virome DNA extraction, library construction, and shotgun sequencing 276 

Due to the COVID-19 2020 lockdown, we could not perform virome extractions on 277 

fresh samples as intended and instead stored soils at -80 ºC until processing. Soil virions 278 

were enriched through filtration and concentration prior to DNA extraction, following a 279 

modified version of a previously published protocol51. For each sample, 10 grams of soil 280 

were resuspended in 10 ml of protein-supplemented phosphate-buffered saline solution 281 

(PPBS: 2% bovine serum albumin, 10% phosphate-buffered saline, 1% potassium citrate, 282 

and 150 mM MgSO4). To elute virions, soil suspensions were vortexed until 283 

homogenized, placed on an orbital shaker (10 min, 400 rpm, 4 ºC), and centrifuged (10 284 

min, 3,095 x g, 4ºC). Supernatants were recovered and stored briefly at 4 ºC, while pellets 285 

were resuspended in 10 ml of fresh PPBS for back-extraction of the remaining soil. This 286 

process was repeated for a total of three rounds of extraction of the same soil. 287 

Supernatants from the same sample were then pooled and centrifuged three times (10 288 

min, 10,000 x g, 4ºC), retaining the supernatant and discarding the pellet each time to 289 

remove residual soil particles. Purified supernatants were then filtered through a 0.22 µm 290 

polyethersulfone membrane to remove cells. Eluted virions in the filtrate were 291 

concentrated via ultracentrifugation (2 hrs 25 min, 32,000 x g, 4 ºC) in an Optima LE-80K 292 

ultracentrifuge with a 50.2 Ti rotor (Beckman-Coulter Life Sciences). Supernatants were 293 

removed, and pellets were resuspended in 100 µl of ultrapure water. As previously 294 

shown46,52, the DNase treatment step that serves to remove free DNA at this stage is not 295 

compatible with samples stored frozen (we suspect that this is because freezing 296 
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compromises virions), so we were unable to perform a DNase treatment. We have 297 

previously shown that non-DNase-treated soil viromes still successfully enrich the viral 298 

signal relative to total metagenomes and capture the same ecological trends as DNase-299 

treated viromes from the same samples46. 300 

DNA was extracted from the viral fraction with the DNeasy PowerSoil Pro kit 301 

(Qiagen), following the manufacturer’s protocol, with the addition of a 10-minute 302 

incubation at 65 ºC prior to the bead-beating step. Shotgun metagenomic libraries were 303 

constructed with the DNA Hyper Prep kit (Kapa Biosystems-Roche), and paired-end 304 

sequencing (150 bp) was performed on the NovaSeq S4 platform (Illumina). 305 

 306 

Total DNA extraction, amplicon library construction, and sequencing 307 

Total DNA was extracted from 0.25 g of soil with the DNeasy PowerSoil Pro kit 308 

(Qiagen, Hilden, Germany), following the manufacturer’s instructions, with the addition of 309 

a 10-minute incubation at 65 ºC prior to the bead-beating step. Construction of amplicon 310 

libraries followed a previously described dual-indexing strategy53,54. Briefly, universal 311 

primers 515F and 806R were used to target the V4 region of the 16S rRNA gene. 312 

Amplifications were performed with the Platinum Hot Start PCR Master Mix 313 

(ThermoFisher) following the Earth Microbiome Project’s PCR protocol55: an initial 314 

denaturation step at 94 ºC for 3 min, 35 cycles of 94 ºC for 45 s, 50 ºC for 60 s, and 72 315 

ºC for 90 s, and a final extension step at 72 ºC for 10 min. Libraries were cleaned with 316 

AmpureXP magnetic beads (Beckman Coulter), quantified (Qubit 4 fluorometer), and 317 

pooled in equimolar concentrations. Paired-end sequencing (250 bp) was performed on 318 

the MiSeq platform (Illumina). 319 

 320 
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Soil chemistry and moisture measurements 321 

Soil moisture was calculated as the ratio of mass of water per mass of dry soil. While soil 322 

moisture was originally measured for all samples, data for a subset of 11 March samples 323 

(5 from 100% plots and 6 from 50% plots) were lost and could not be included in 324 

downstream analyses. Soil chemistry profiling was performed by Ward Laboratories 325 

(Kearney, NE, USA): soil pH and soluble salts were measured using a 1:1 soil:water 326 

suspension; soil organic matter was measured as the percentage weight loss on ignition; 327 

nitrate was measured via a KCl extraction; potassium, calcium, magnesium, and sodium 328 

were measured via an ammonium acetate extraction;  zinc, iron, manganese, and copper 329 

were measured via a DTPA extraction; phosphorus was measured via the Olsen method; 330 

and sulfate was measured via a Mehlich-3 extraction. Soil chemistry measurements were 331 

only performed on the set of 22 soil samples collected in March (T1). 332 

  333 

Bioinformatic processing 334 

Virome processing 335 

We used Trimmomatic v0.3356 to remove Illumina adapter sequences and quality-trim 336 

reads (minimum q-score of 30 evaluated on 4-base sliding windows; minimum read length 337 

of 50) and BBDuk v38.82 57 to remove PhiX sequences. Next, we generated de novo 338 

assemblies of individual libraries with MEGAHIT v1.2.9 58 in meta-large mode (--k-min 27 339 

--k-max 127 --k-step 10), using a contig minimum size threshold of 10,000 bp. Assembled 340 

contigs were then classified as viral with VIBRANT v1.2.123 in virome mode. The resulting 341 

viral contigs were de-replicated into non-redundant viral operational taxonomic units 342 

(vOTUs) with dRep v3.2.2 59, using the following parameters: a threshold of ≥95% 343 

average nucleotide identity (ANI) across ≥85% alignment fraction (-sa=0.95, -nc=0.85), 344 
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single-linkage algorithm for hierarchical clustering (--clusterAlg=single), and filtered 345 

nucmer alignments for secondary clustering comparisons (--S_algorithm=ANImf). 346 

Representative sequences were selected based exclusively on length (-N50W=0, 347 

sizeW=1). Competitive read recruitment against the de-replicated database of vOTUs 348 

was performed with bowtie2 v2.4.2 60 in sensitive mode, and the resulting alignments 349 

were sorted and indexed with SAMtools v1.11 61. We used CoverM v0.5.0 to generate 350 

two vOTU coverage tables: one displaying the trimmed mean coverage (-351 

m=trimmed_mean) and the other displaying the absolute number of mapped reads (-352 

m=count). In both cases, all vOTUs with <75% horizontal coverage were discarded (--353 

min-covered-fraction=0.75). We filtered out 773 vOTUs that were exclusively detected in 354 

single samples and removed one virome due to poor vOTU recovery (136 vOTUs 355 

compared to a median of 1,562 vOTUs). The final dataset consisted of 43 viromes and 356 

5,315 vOTUs. 357 

 358 

Microdiversity profiling 359 

Intrapopulation genetic diversity was characterized with inStrain v1.4.034. First, the 360 

bowtie2 alignments described above were parsed with the profile module to identify 361 

divergent sites within the set of mapped reads assigned to each vOTU. Variants were 362 

only called if a site had a minimum coverage of 5 reads. We then used the compare 363 

module to calculate average nucleotide identities between sample-specific consensus 364 

sequences, which were reconstructed based on the most common allele detected at each 365 

variant site. Pairwise comparisons were considered for downstream analyses only if more 366 

than 25% of the vOTU sequence length was covered by the profile module in both 367 

samples (percent_genome_compared > 0.25).   368 
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 369 

Gene-sharing network construction 370 

We used Prodigal v2.6.362 in metagenome mode to predict protein content for each 371 

de-replicated vOTU and used the resulting amino acid file to construct a gene-sharing 372 

network with vConTACT2 v0.9.19 36. The protein alignment step was performed with 373 

Diamond63, and the protein cluster step was calculated with the MCL algorithm64. The 374 

NCBI RefSeq database of bacterial and archaeal viral genomes (v85) was included as a 375 

reference. Layouts used to visualize the resulting network were calculated with the 376 

Fruchterman-Reingold algorithm implemented in the GGally package65. 377 

 378 

Detection and classification of 16S rRNA gene fragments on virome libraries 379 

As previously described16, we used SortMeRNA v4.2.066 against representative 380 

versions of the bacterial and archaeal SILVA databases67 to recover reads containing 381 

16S rRNA gene sequences from the set of quality-filtered virome reads. We assigned 382 

taxonomy with the RDP classifier68 using the RDP database v1869 as reference. A count 383 

table was generated from the resulting hierarchical file with the hier2phyloseq() function 384 

from the RDPutils package 70. 385 

 386 

Processing of 16S rRNA gene amplicon libraries 387 

Assembly of paired-end reads into single sequences was performed with 388 

PANDAseq v2.971, followed by chimeric sequence removal with usearch v6.172. OTU 389 

clustering was performed at a 97% sequence identity threshold with the QIIME73 390 

implementation of UCLUST v1.2.2272 following the open reference protocol against the 391 

SILVA database67. For consistency with 16S rRNA gene analysis performed on viromes, 392 
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representative sequences were reannotated with the RDP classifier68 using the RDP 393 

database v1869 as reference. After discarding singletons, the final dataset consisted of 394 

53,854 OTUs. 395 

 396 

Data analysis 397 

All statistical analyses were conducted using R v3.6.374. Unless otherwise noted, 398 

all viral analyses were performed on the trimmed mean coverage vOTU table. For vOTU 399 

and 16S OTU profiles, Bray-Curtis dissimilarities were calculated on log-transformed 400 

relative abundances with the vegdist() function from vegan v2.5-775. To calculate the 401 

environmental distance, we first computed the z-score for each soil chemistry variable 402 

and then used the dist() function to determine the Euclidean distances between pairs of 403 

samples. Principal coordinates analyses were performed with the pcoa() function from 404 

ape v5.4-176. Pearson’s correlation tests evaluating the association of spatial distance 405 

with Bray-Curtis similarity, community overlap, environmental distance, edaphic 406 

variables, and vOTU microdiversity were performed using the cor.test() function with the 407 

alternative parameter set to “two.tailed”. The associated linear regression slope was 408 

calculated with the lm() function. In all cases, spatial distance between pairs of samples 409 

was measured as the length of the line connecting the centers of the corresponding plots. 410 

To remove any effect of time point on our spatial correlation analyses, we excluded all 411 

pairwise comparisons between samples collected at different time points. For correlation 412 

analyses involving multiple comparisons (edaphic variables and microdiversity), p-values 413 

were corrected with the Holm algorithm. Indicator species analysis was performed with 414 

the multipatt() function from indicspecies v1.7.9 77. For this analysis, we divided the 415 

dataset into two groups, one with the T2-50 viromes and the other with the rest of the 416 
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samples, and we identified vOTUs significantly associated with each group. We used the 417 

lm() function to fit linear models evaluating the effect of collection time point and watering 418 

treatment on beta-diversity (as captured by individual principal coordinates) and 419 

gravimetric soil moisture. We then used the glht() function from the multcomp package78 420 

to perform Tukey’s range tests. We used the pairwise.wilcox.test() function to perform 421 

pairwise Wilcoxon rank sum tests to assess the effect of collection time point and watering 422 

treatment on the relative abundances of Actinobacteria 16S rRNA gene profiles from total 423 

DNA and virome DNA. To determine the relative enrichment of vOTUs along the 424 

horizontal field transect, we performed a differential abundance analysis with DESeq279, 425 

using vOTU non-normalized count tables as input. In particular, we used the DESeq() 426 

function to implement negative binomial generalized models to test the effect of the 427 

position of each plot on the abundance of individual vOTUs and used the effect size to 428 

rank each viral population.  All plots were generated with ggplot2 80. 429 

 430 

Local neighborhood enrichment 431 

To assess whether vOTUs detected as indicator species of T2-50 samples tended 432 

to share similar genomic attributes, we adapted a previously described algorithm 433 

designed to systematically assess the distribution of traits in biological networks37.  This 434 

algorithm consists of two main steps: (1) for each node in the network, determine a local 435 

neighborhood comprised of all nodes that can be directly or indirectly reached via an edge 436 

path with a length shorter than a defined threshold; and (2) for each local neighborhood, 437 

assess the overrepresentation of a particular attribute among its members. In this study, 438 

we used the gene-sharing network generated by vConTACT236, in which nodes represent 439 

vOTUs, edges indicate a significant overlap in the predicted content between vOTUs, and 440 
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edge scores denote the statistical significance of the associated overlap (expressed as -441 

log10 P-value). To determine the distance threshold for local neighborhoods, we first 442 

calculated the length of the weighted shortest path for each possible pair of nodes in the 443 

network and then identified the 1st percentile. We performed this step with the distances() 444 

function from the igraph package81, using the reciprocal of the edge scores assigned by 445 

vConTACT2 as edge weights. We explored the distribution of the following node attributes 446 

across the network: (1) coherent enrichment or (2) coherent depletion in T2-50 samples. 447 

To assess the overrepresentation of each of these traits in each of the local 448 

neighborhoods, we performed hypergeometric tests using the phyper() function with the 449 

“lower.tail” parameter set to false. Local neighborhoods with less than 10 nodes were not 450 

considered for the overrepresentation analyses. Multiple comparisons correction was 451 

performed with the Holm algorithm.  452 

 453 

Data availability 454 

Raw sequences have been deposited in the NCBI Sequence Read Archive under 455 

BioProject accession PRJNA818793. Scripts and intermediate files are available at 456 

https://github.com/cmsantosm/HoplandViromes. 457 
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Figure 1. Spatial structuring of viral and prokaryotic communities in a 651 

Mediterranean grassland (a) Aerial view of the field site. Colored squares mark the 652 

locations of the sampled plots within the upper (blue) and lower (red) blocks. Square 653 

outlines indicate the rainfall manipulation regime assigned to each plot. Differences in 654 

font color are for legibility only. (b,d) Unconstrained analysis of principal coordinates 655 

performed on (b) vOTU and (d) 16S rRNA gene OTU Bray-Curtis dissimilarities. Panel 656 

(b) displays the first and second axes while panel (d) displays the fourth and fifth axes, 657 

as they best captured the spatial structuring in (b) viral and (d) bacterial and archaeal 658 

communities. Color reflects the plot from which the sample was collected and 659 

corresponds to the gradient palette in panel (a). Point shape represents the collection 660 

time point, according to the legend in panel (a). Axis labels indicate the percentage of 661 

total variance explained. (c,e) Relationship between Bray-Curtis similarity and spatial 662 

distance in (c) viral communities and (e) bacterial and archeal communities. Each point 663 

represents a pair of samples, and the spatial distance between them was measured as 664 

the length of the line connecting the centers of the corresponding plots. Trend lines 665 

display the least squares linear regression model. Inset statistics correspond to the 666 

Pearson’s correlation coefficient (r), the linear regression slope, and the associated P-667 

value.  668 
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 671 

Figure 2. Spatial structuring of viral population microdiversity (a,b) Kernel density 672 

plots showing the distributions of (a) microdiversity (measured as the percentage of 673 

polymorphic sites in a vOTU sequence) and (b) mean relative abundance within prevalent 674 

(≥ 90% occupancy) and non-prevalent (< 90% occupancy) vOTUs (c) Distributions of 675 

average nucleotide identities (ANI) for each prevalent vOTU, calculated between pairs of 676 

sample-specific vOTU consensus sequences. Each box plot corresponds to a single 677 

vOTU, and the y-axis is in rank order (ascending from top to bottom) of the median ANI 678 

value for each vOTU. Boxes display the median and interquartile range (IQR), and data 679 

points farther than 1.5x IQR from box hinges are plotted as outliers. The heatmap on the 680 

right shows the Pearson's correlation coefficients between consensus ANI and spatial 681 

distance. Bold outlines indicate a significant P-value (< 0.05) for the correlation after 682 

multiple comparisons correction (Holm algorithm). Filled black squares correspond to 683 

vOTUs with no variation across samples (i.e., all ANIs were equal to 1). (d) The top 5 684 

vOTUs with the most significant correlations (lowest P-values) between consensus ANI 685 

and spatial distance. Each point represents a pair of samples, and the spatial distance 686 

between them was measured as the length of the line connecting the centers of the 687 

corresponding plots. The trend line displays the least squares linear regression model. 688 

Note that vOTUs are defined in part by sharing >= 95% ANI (see Methods), so within-689 

vOTU ANI values will necessarily be >= 95% ANI. Also note subtle differences in the y-690 

axis range across graphs. 691 
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 693 

 694 

Figure 3. Viral community trends associated with soil moisture content In (a), (b), 695 

and (c), samples are grouped along the x-axis by collection time point (T1 and T2) and 696 

precipitation regime (100% and 50%). (a) Distribution of scores along the third axis of a 697 

principal coordinates analysis performed on vOTU Bray-Curtis dissimilarities. The y-axis 698 

label indicates the percentage of total variance explained. The first two axes of the same 699 

analysis are shown in Figure 1b. (b) Gravimetric soil moisture contents. Boxes display 700 

the median and interquartile range (IQR), and data points farther than 1.5x IQR from box 701 
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hinges are plotted as outliers. In (a) and (b), different letters indicate significantly different 702 

sample groupings (P < 0.05), as determined by two-tailed Tukey’s range tests. (c) 703 

Summed mean relative abundances of the sets of vOTUs detected as indicator species 704 

differentiating T2-50 communities from the rest of the viromes. Facets distinguish 705 

indicator vOTUs that were relatively enriched or depleted, respectively, in T2-50 viromes. 706 

(d) Gene-sharing network displaying significant overlaps in predicted protein content 707 

(edges) between vOTUs (nodes). Node color shows whether a vOTU was an indicator 708 

species enriched or depleted in T2-50 samples or not an indicator species (defined by P-709 

values below or above 0.05, respectively, from an indicator value permutation test). Bold 710 

outlines highlight a subnetwork of all local neighborhoods with a significant 711 

overrepresentation of vOTUs enriched in T2-50 viromes (Supplementary Figure 4b-c). 712 

(e) Zoomed in version of the subnetwork highlighted in (d). Nodes surrounded by squares 713 

correspond to vOTUs with a significant overlap in their predicted protein contents with 714 

any of 971 RefSeq phage genomes, according to the network analysis shown in 715 

Supplementary Figure 6. All such RefSeq phage genomes with significant links to this 716 

subnetwork were from phages isolated on Actinobacteria hosts, indicated by tagging 717 

vOTU nodes linked to RefSeq actinophages with the letter “A”. In (d) and (e), inset donut 718 

plots on the lower right show the total number of vOTUs in the displayed network (center), 719 

along with the proportions of the indicator and non-indicator vOTUs in that network 720 

(fractions of the circle). Network visualization layouts were generated with the 721 

Fruchterman-Reingold algorithm. 722 
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Supplementary Figure 1. (a) Aerial view of the field site. Squares mark the locations of 724 

individual plots, and the numbers indicate the number of circular subplots from which 725 

samples were collected within each plot. Color indicates the rainfall manipulation 726 

treatment for each plot. (b) Example of a circular subplot from which samples were 727 

collected in this study. Plexiglass dividers segmented subplots into two halves, and one 728 

half was destructively harvested at each time point. In panels (c) - (e), inverted triangles 729 

mark the two collection time points. (c) Daily precipitation (blue line) at the field site 730 

preceding, during, and shortly after the 2020 sample collection time points (T1 and T2). 731 

Background blocks (colored by treatment, as in panel (a)) indicate periods when the 732 

rainfall-excluding shelters were deployed for each treatment. (d) Differential watering 733 

events during the months preceding sample collection. Each bar indicates the amount of 734 

water added to individual plots through irrigation, based on their assigned watering regime 735 

(colored as in panel (a)). (e) Growth patterns of Avena barbata during the 2020 growing 736 

season. Each line displays the average height of A. barbata in a single plot, colored 737 

according to precipitation treatment, as in panel (a).  738 

 739 

  740 

.CC-BY-NC-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted March 24, 2022. ; https://doi.org/10.1101/2022.03.24.485562doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.24.485562
http://creativecommons.org/licenses/by-nc-nd/4.0/


 38 

 741 

Supplementary Figure 2. (a) Number of vOTUs detected at each occupancy level. (b) 742 

Relationship between the percentage of vOTUs shared across pairs of samples and 743 

spatial distance between plots. Each point represents a pair of samples and the spatial 744 

distance between them was measured as the length of the line connecting the centers of 745 

the corresponding plots. The trend line displays the least squares linear regression model. 746 

Inset statistics correspond to the Pearson’s correlation coefficient (r), the linear regression 747 

slope, and the associated P-value.  748 

  749 
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 751 

Supplementary Figure 3. (a) Relationship between environmental distance and spatial 752 

distance across March (T1) samples, the data subset for which soil abiotic properties 753 

were measured. The environmental distance was computed by z-transforming 15 edaphic 754 

variables and then calculating their pairwise Euclidean distances. (b). Spatial trends 755 

displayed by each of the individual variables used to compute the environmental distance 756 

displayed in (a). Each facet corresponds to a single variable with the y-axis indicating the 757 

absolute values of the differences between pairs of samples. In both (a) and (b), each 758 

point represents a pair of samples and the spatial distance between them was measured 759 

as the length of the line connecting the centers of the corresponding plots. Trend lines 760 

display the least squares linear regression models. Statistics correspond to Pearson's 761 

correlation coefficient (r) and associated P-value. Variables with a significant correlation 762 

in (b) are highlighted in red. Abbreviations displayed in the facet names correspond to 763 

ppm = parts per million; meq/100g = milliequivalents per 100 grams of soil; LOI% = 764 

percent weight loss on ignition; mmho/cm = millimhos per centimeter. 765 

  766 
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 767 

 768 

Supplementary Figure 4. (a) Gene-sharing network showing significant overlaps in 769 

predicted protein content (edges) between vOTUs (nodes). Node color shows the trait 770 

assignment for each vOTU, i.e., whether the vOTU was an indicator species enriched or 771 
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depleted in T2-50 samples or not an indicator species. (b) Distribution of local 772 

neighborhoods with a significant overrepresentation of vOTUs enriched (left facet) or 773 

depleted (right facet) in T2-50 samples across the network. Each colored point denotes 774 

the center of a significant local neighborhood, representing a total of 10 to 94 vOTUs per 775 

point. The color gradient indicates the extent of the significance of trait overrepresentation 776 

in that neighborhood, with all shades of blue indicating significance and darker shades 777 

showing greater significance. Network visualization layout was generated with the 778 

Fruchterman-Reingold algorithm. (c) Size (upper panel) and trait composition (lower 779 

panel) of local neighborhoods with a significant overrepresentation of vOTUs enriched in 780 

T2-50 viromes. In the lower panel, each stacked bar plot shows the fraction of indicator 781 

vOTUs within a single neighborhood, with the leftmost bar corresponding to the entire 782 

network. Dots at the bottom display the statistical significance of the overrepresentation 783 

of T2-50-enriched vOTUs in each local neighborhood, following the same color scheme 784 

as panel (b).  785 
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 787 

Supplementary Figure 5. (a) Distribution of all 5,315 vOTUs detected in this study 788 

across the 15 field plots. Each row represents a single vOTU, and its position along the 789 

y-axis is determined by its relative enrichment along the field: vOTUs towards the bottom 790 

of the y-axis tended to be more enriched on the North-West (left side of the field in Figure 791 

1a), while vOTUs towards the top tended to be more enriched on the South-East (right 792 

side of the field). The pink tick marks on the left side highlight the indicator vOTUs that 793 

were enriched in T2-50 samples and that were part of the subnetwork identified in Figure 794 

3e. (b) The occupancy spectrum of the indicator vOTUs highlighted in panel (a). 795 
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Supplementary Figure 6. (a) Gene-sharing network of vOTUs detected in our study 798 

(gray nodes) and prokaryotic virus genomes in RefSeq (red nodes). Edges indicate a 799 

significant overlap in the predicted protein content between two viral sequences. The 800 

subnetwork highlighted with outlined nodes shows all vOTUs that were part of a local 801 

neighborhood with a significant overrepresentation of vOTUs enriched in T2-50 samples 802 

(the same nodes outlined in Figure 3d). (b-c) The same network, but only showing RefSeq 803 

genomes and the subset of vOTUs from our study (light grey) linked by at least one edge 804 

to at least one RefSeq genome. Color indicates (b) the virus family or (c) the host phylum 805 

for each RefSeq genome. Accompanying bar plots show the proportion of vOTUs with at 806 

least one significant link to a RefSeq genome, with separate bars for the full network and 807 

the outlined subnetwork. If a vOTU was linked to multiple RefSeq genomes with differing 808 

viral (b) or host (c) taxonomic classifications, it was labeled as “Mixed”. Network 809 

visualization layout was generated with the Fruchterman-Reingold algorithm. 810 
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 812 

Supplementary Figure 7. (a,c) Phylum abundances in 16S rRNA gene profiles from (a) 813 

total DNA 16S rRNA gene amplicon libraries and (c) virome DNA libraries. Each stacked 814 

bar plot corresponds to a sample, and the 10 most abundant phyla are colored. All other 815 

phyla are grouped in the ‘Low abundance’ category. (b,d) Relative abundances of 816 

Actinobacteria in (b) total DNA 16S rRNA gene amplicon libraries and (d) virome DNA 817 

libraries. Samples are organized by collection time point (T1 and T2) and precipitation 818 
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treatment regime (100% and 50%). Boxes display the median and interquartile range 819 

(IQR), and data points farther than 1.5x IQR from box hinges are plotted as outliers. 820 

Letters above boxes indicate significantly different groupings (P < 0.05), as determined 821 

by pairwise Wilcoxon’s rank-sum tests. 822 
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 824 

 825 

Supplementary Figure 8. Distribution of scores along the first five axes of a principal 826 

coordinates analysis performed on Bray-Curtis dissimilarities from 16S rRNA gene OTU 827 

profiles. Samples are organized by collection time point (T1 and T2) and precipitation 828 

treatment regime (100% and 50%). Boxes display the median and interquartile range 829 

(IQR), and data points farther than 1.5x IQR from box hinges are plotted as outliers. 830 

Letters indicate significantly different groupings (P < 0.05), as determined by Tukey’s tests 831 

computed for each axis. 832 
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