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Abstract

Viruses are known contributors to biogeochemical cycling in diverse habitats, but viral
community studies in soil are relatively rare. Although prior work has suggested spatial
structuring as a primary driver of local soil viral community ecological patterns, here we show
that agricultural management can significantly impact soil viral community composition. We
generated 18 soil viromes and 24 total metagenomes from six plots, three under organic and
three under conventional management in Davis, CA, USA. Despite the significant impact of
management on viral community structure and soil physicochemistry, approximately 44% of the
detected viral ‘species’ (vOTUs) were present in soils from both management practices. These
common vOTUs regularly comprised >65% of the viral community by relative abundance. Many
(56%) of the vOTUs were detected both during the tomato growing season and post-harvest,
indicating persistence through time. Together, these results indicate habitat-specific differences
in viral community compaosition, yet relative stability and persistence of viral communities within

agricultural soils, in contrast to their recently observed dynamics in natural soils.

Introduction

There is a growing body of work indicating the importance of viruses in biogeochemical
cycling (1). While technical challenges have made accessing soil viruses difficult,
methodological improvements have revealed an incredible diversity of viruses in soil and their
potential roles in biogeochemical cycles (2—4). For example, soil viruses likely influence
methane cycling through infection of methanogens and methanotrophs (5—7), and they can
impact soil carbon and nitrogen cycling in myriad ways, including via expression of viral auxiliary
metabolic genes (3, 8-10). Recent studies have shown differences between agricultural and
more nhatural soils in their endemic viral communities (11-13), as well as the potential for

cropping rotations to influence soil viral community composition (14). However, the influence of
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other agricultural management practices, such as organic and conventional management, on
soil viruses is still relatively unknown.

Here we report the impacts of two different agricultural management practices on soil
viral communities associated with tomato cropping in six one-acre plots at the UC Davis Russell
Ranch Sustainable Agriculture Facility’s Century Experiment in Davis, California, USA (Fig. S1)
(15). Prior to sample collection in 2018, management practices had been underway since 1994,
with all plots in a tomato-corn rotation with a primary crop of tomato or corn in alternate years.
Three plots had been organically managed, receiving poultry manure compost (9 tonnes per
hectare) every fall post-harvest (November) and planted with a cover crop mix of purple lana
vetch, bell bean, and clover during the winter months (November to March). The remaining
three plots had been conventionally managed, receiving 156 kg per hectare of mineral fertilizer
(urea ammonium nitrate solution) at 3-4 times throughout the tomato (or corn) growing season,
and left unplanted (fallow) during the winter months. All six plots were tilled once per year in the
spring and received water via subsurface drip irrigation throughout the summer. We prepared
and sequenced soil viromes (post-0.22 um‘viral size fraction’ metagenomes) and total soil
metagenomes from the six plots during the tomato growing season (July) and post-harvest
(October) to assess the influence of the two management practices on soil viral communities in

comparison to prokaryotic communities.

Results and Discussion

From the three organically managed and three conventionally managed tomato-corn
rotation plots, we generated a total of 18 viromes (one per plot in July, two per plot in October)
and 24 total soil metagenomes (two per plot at both time points). A full description of sampling
procedures, virome preparation, nucleic acid extraction, sequencing, and analysis can be found
online (Supplementary Methods). A total of 7,944 viral operational taxonomic units (vOTUs) >10

kbp was detected in the viromes, with a median of 1,244 vOTUs per virome (Table S1), and
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278,959 contigs >2 kbp and 750,900 reads identified as 16S rRNA genes were recovered from
the total metagenomes.

We were interested in whether agricultural management and/or time period significantly
impacted soil viral and/or prokaryotic community compaosition. Both management and sampling
date were significantly correlated with viral community structure, though management had a
stronger effect (Fig. 1A, PERMANOVA p = 0.0002 for both management [pseudo-F = 4.884]
and date [pseudo-f = 3.8915]). The impacts of management and sampling date on the bacterial
and archaeal communities were less significant. Specifically, microbial communities measured
through read-mapping-based contig relative abundances were significantly correlated with
management and time (Fig. 1B, PERMANOVA p=0.0001 [pseudo-F = 3.477] and p=0.0001
[pseudo-F = 4.669], respectively), but the strength of these correlations was noticeably lower for
the 16S rRNA gene fragments recovered from these metagenomes (Fig. S2, PERMANOVA
p=0.023 [pseudo-F = 2.410], p=0.0004 [pseudo-F = 4.669, respectively).

To investigate what aspects of the agricultural management practices might be
influencing soil viral community composition, we next considered the chemistry of the soils.
Multiple soil physicochemical properties were significantly different between management
practices, including organic matter, total carbon, and total nitrogen (Figure 1C, Table S2). In
particular, soil organic matter concentrations were significantly higher in the organically
managed soils, suggesting that the annual application of poultry manure compost and winter
cover crop indeed altered the soil chemistry in these plots. To assess whether soil
physicochemical properties in aggregate could explain the observed differences in viral
community structure, we calculated pairwise Euclidean distances between samples, using the z-
scored soil chemistry profiles, and compared them to viral community Bray-Curtis dissimilarities.
Environmental distances were significantly correlated with soil viral community dissimilarities
(Figure 1D, Spearman’s rho = 0.653, p <2.2 x10716), with less similar communities over

increasing environmental distances. This relationship held for comparisons between samples
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belonging to the same management (organic-organic or conventional-conventional, Figure 1D,
Spearman’s rho=0.576, p = 2.693 x 10'#). However, when restricting our analyses only to
comparisons between samples belonging to different management practices, the relationship
between environmental distances and Bray-Curtis dissimilarities was much weaker (had a flatter
slope), though was still significant (Spearman’s rho=0.204, p=0.009). This reduction in
significance may indicate the presence of viral community alternative stable states (16) across
management practices. In other words, environmental dissimilarity may correlate with viral
community dissimilarity up to a threshold at which the environmental differences become so
great as to select for fundamentally different communities. These same patterns were observed
in the total prokaryotic communities as well, though the relationship between community
dissimilarity and environmental distance was weaker (Spearman’s rho = 0.384, p <2.2 x10°1¢,
Figure S3). This weaker relationship in prokaryotic communities is indicative of slower
community turnover, and/or it could reflect the presence of dormant microbes and relic DNA
(17-19) in our prokaryotic community measurements, perhaps masking patterns in the active
microbiome.

We next wanted to identify changes at the viral ‘species’ (vOTU) level underlying the
observed differences in community composition according to management. Conventionally and
organically managed plots showed no significant difference in viral richness (the number of
vOTUs detected, Fig. S4, Kruskal-Wallis p>0.05). In total, 3,516 vOTUs (or 44%) were detected
in plots from both management practices, while 2,699 (34%) and 1,729 (22%) were detected
only in conventionally or organically managed soils, respectively (Fig. 2A). This relatively high
degree of overlap in vOTUs throughout the farm runs contrary to observations in natural
systems, in which the vast majority of vOTUs tend to be spatially restricted (e.g., only recovered
in single habitats or on one end of a field, if not in single samples (19, 20)). Not only was a large
proportion of vOTUs shared between management practices here, these shared vOTUs

regularly comprised >65% of the relative abundance in these viral communities (Fig. 2B). This
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pattern of persistent viral populations in soil also extended through time. Of the 7,944 total
vOTUSs, 4,448 (56%) were observed in both July and October (Fig S5A), and these vOTUs
comprised on average 88% of the relative abundance of a given viral community (Fig S5B).
Taken together, these data suggest the persistence of a core set of agricultural soil viral
‘species’ over space and time, despite differences in management.

Unlike recent studies of soil viral communities (20, 21), the results here present a picture
of a relatively persistent set of soil viral populations, with differences in community composition
attributable to the soil physicochemical environment. Recent studies have repeatedly detected
spatial organization of viral communities (19, 21, 22), including at another tomato research field
site in Davis, CA (22), but there was no observation of such spatial structuring at the scales
examined in this study. Instead, results align with another growing body of work that highlights
the importance of habitat and land use in structuring soil viral communities (14, 20, 23, 24). For
example, in a recent study of agricultural and early successional soils (soils dominated by
annuals and grasses), the agricultural soil viral communities were the most stable over the
growing season (12), consistent with the observation here of a relatively large proportion of
persistent agricultural soil vOTUs over time. Agricultural soils are different from most other soils
in ways that are somewhat obvious, but that, as the current study has revealed, likely have
substantial impacts on viral ecological dynamics. For example, these soils are commonly mixed
through processes such as tilling, they share the same crop plant, and they are managed with
relatively homogeneous inputs, such as fertilizer (albeit in different forms by management here)
and irrigation, which together lead to more ecosystem homogeneity than would be observed in
natural soils (12, 13). It thus follows that the potential influence of spatial structuring would be
minimized in agricultural soils that experience homaogenization and repeated disruptions of soil

structure.
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Raw sequencing reads from viromes and metagenomes, as well as vOTU sequences, are

available under BioProject accession PRINA767554.
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Figure 1. Viral and microbial community structure differed by management and time of year. (A
and B) Principal Coordinates Analysis (PCoA) plots of Bray-Curtis dissimilarities between (A)
viral and (B) prokaryotic communities. Viral community composition was derived from read
mapping to vOTUs for relative abundances, and prokaryotic community composition was
derived from read mapping to a dereplicated set of metagenomic contigs > 2 kbp. Each point is
a single community, with color mapped to agricultural management and shape mapped to date
of sample collection. (C) Heatmap showing z-scores of the relative concentrations or values (for
pH) of 18 soil physicochemical properties across our 24 samples. Each row represents a single
sample with a unique sample ID (left). Management is colored according to the legend below
panels A and B (pink for conventional, blue for organic). (D) Viral community Bray-Curtis
dissimilarities plotted against Euclidean environmental distances calculated from the 18

physicochemical properties shown in panel C. Each point represents a pairwise sample-to-
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sample comparison. Points are colored based on whether the pair of compared samples
belonged to the same agricultural management (organic-organic or conventional-conventional,
TRUE) or different management practices (organic-conventional, FALSE), and the shape of
each point indicates whether the compared samples were from the same collection date (TRUE)
or different dates (FALSE). Lines represent the linear regressions for: the full dataset (all points,
black), all pairwise comparisons within the same management (orange), and all pairwise

comparisons between managements (blue).
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Figure 2. Most vOTUs were detected in soils from both agricultural management practices. (A)
An upset plot showing the number of vOTUs (intersection size) shared between (connected
black dots) and unique to (single black dots) each of the two agricultural management practices.
Set size on the left indicates the total number of vOTUs detected within each management
practice. (B) Summed relative abundances of vOTUs unigue to each management practice
(green or pink) or shared across management practices (blue). Each point is one sample. Lines
in each box represent the median, boxes extend to the 25" and 75" percentile, whiskers extend
to the furthest point within 1.5 times the inter-quartile range, and points beyond whiskers are

outliers.
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