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Originality-Significance Statement

Viruses, as a major food web component, play an important role in the marine
environment. However there is little information about viruses in agricultural soil, and
in particular, the diversity and potential roles of viruses in the rhizosphere remain
poorly explored. In this study, we studied viral abundance, diversity and potential
biogeochemical impacts in both bulk and rhizosphere soils. Our results highlight that
viruses had high diversity in agricultural soil and viral communities were affected by
plant roots. Viruses can contribute to biogeochemical cycling by reprogramming
bacterial metabolism via putative auxiliary metabolic genes (AMGs) or virus-encoded
metabolic genes, and this would help us understand biogeochemical element cycling

in an agro-ecosystem.
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Summary

Viruses can affect microbial dynamics, metabolism and biogeochemical cycles in
aquatic ecosystems. However, viral diversity and functions in agricultural soils are
poorly known, especially in the rhizosphere. We used virome analysis of eight
rhizosphere and bulk soils to study viral diversity and potential biogeochemical
impacts in an agro-ecosystem. The order Caudovirales was the predominant viral type
in agricultural soils, with Siphoviridae being the most abundant family. Phylogenetic
analysis of the terminase large subunit of Caudovirales identified high viral diversity
and three novel groups. Viral community composition differed significantly between
bulk and rhizosphere soils. Soil pH was the main environmental driver of viral
community structure. Remarkably, abundant auxiliary carbohydrate-active enzyme
(CAZyme) genes were detected in viromes, including glycoside hydrolases,
carbohydrate esterases, and carbohydrate-binding modules. These results demonstrate
that virus-encoded putative auxiliary metabolic genes (AMGS) or metabolic genes that
may change bacterial metabolism and indirectly contribute to biogeochemical cycling,

especially carbon cycling, in agricultural soil.
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Introduction

Viruses are the most abundant and genetically diverse biological entities on earth
(Edwards and Rohwer, 2005), and they probably infect all cellular life forms.
Environmental virome studies have mainly focused on aquatic environments,
especially marine waters (192 viromes from marine while 9 viromes from soils until
2016) (Cobian-Guemes et al., 2016). These studies demonstrated that viruses play a
pivotal role in ocean ecosystems (Rohwer and Thurber, 2009). By lysing
approximately one-third of microorganisms per day in the ocean, viruses contribute to
nutrient release in the form of dissolved organic carbon (DOC) and particulate organic
carbon (POC). This process affects geochemical cycles and modulates host
populations and diversities (Suttle, 2007; Brum and Sullivan, 2015). Viruses also
drive host evolution via virus-mediated horizontal gene transfer (Mann et al., 2003;
Suttle, 2007). Metagenomics-based data indicate that viruses can impact
biogeochemical cycling by reprogramming the metabolism of their hosts via the
expression of virus-encoded auxiliary metabolic genes (AMGSs) (Roux et al., 2016c).
Those AMGs have a variety of metabolic functions, including carbon, nitrogen and
sulfur metabolism (Roux et al., 2016c; Middelboe and Brussaard, 2017),
photosynthesis (Sullivan et al., 2006) and phosphate scavenging (Hsieh and Wannrer,

2010). Recently, viruses in some terrestrial ecosystems have been found to encode
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AMGs, such as phoH and carbon metabolism related genes, suggesting a role in
biogeochemical cycles (Adriaenssens et al., 2015; Jin et al., 2019). However, there is
less information about the ecological roles of viruses in agricultural soils.

Previous viromic studies have focused on limited soil types, including deserts,
agricultural soils, forest soils, and wetlands (Williamson et al., 2017). Metagenomic
analysis revealed that dsSDN A tailed bacteriophages were the most abundant in some
American agricultural soils (Liang et al., 2019). Viral community structure has been
reported to be controlled by several soil factors. In Antarctic soils, where the family
Siphoviridae predominates, viral community structure was driven by pH, calcium
content, and altitude (Adriaenssens et al., 2017). Viral communities shifted along a
thawing permafrost peatland soil, and were correlated with host community
composition, pH, soil moisture content, and soil depth (Emerson et al., 2018).

Some information exists on the abundance and taxonomic diversity of viruses in soils
(Williamson et al., 2005; Han et al., 2017). Although Rhizosphere, the narrow zone
surrounding and affected by roots, is a hotspot of soil microbial activity and nutrient
element cycling (Bastian et al., 2009; Emerson, 2019; Kuzyakov and Razavi, 2019),
viruses in the rhizosphere are poorly studied. Rhizosphere and rhizosphere
microorganisms are important for plant health and sustainable agriculture. The

rhizosphere differs from the surrounding bulk soil in a range of chemical and physical
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properties, including nutrient concentrations, pH, redox potential, and partial
pressures of Oz and CO:2 (Hinsinger et al, 2005). Microbial communities in the
rhizosphere differ from those in bulk soils (Mendes et al., 2013; Bakker et al., 2015).
Additionally, different fertilization regimes can also affect soil microbial communities
(Zhao et al., 2019), but their impact on viral communities remains unexplored.

In this study, we analyzed eight viromes from an agricultural ecosystem in
southwestern China. We studied (i) taxonomic and functional diversity of viruses in
agricultural soils; (ii) effects of soil habitats (rhizosphere and bulk soil) and
agricultural management practices on viral communities; (iii) potential
biogeochemical role of viruses in agricultural soil.

Results

Overview of soil viromes and virus abundance

Viral DNA from eight soil samples was extracted and sequenced, and yielded a range
of 9.5 to 25 million clean reads (Table 1). Only 0.26% to 1.54% reads were classified
as viruses and most reads (85%-94.5%) were unknown. The clean reads were
assembled into 237 contigs at least 10 kb in length and VirSorter predicted 94
“confident” viral contigs (>10 kb in size and Categoryl, 2, or 5) (Table S1). The
abundance of virus- like particles (VLPs) in bulk soils ranged from 5.04 x 108 to 1.45

x 10° g1 dry weight, and 5.53 x 108 to 1.3 x 10° gt dry soil in rhizosphere soils (Table
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S2). In bulkk soils, virus-to-microbe ratios (VMRS) were higher in soil samples with
fertilization treatments (QJB3, 4, and 7) than in control soil (QJB1). In rhizosphere
soils, the abundances of viruses and microbes in inorganic nitrogen fertilizer treatment
soil (QJR3) were nearly twice those of other samples (QJR1 and 4), but there was no
significant change in VMRs. The abundance of microbes in QJR7 (with inorganic
nitrogen fertilizer and Klebsiella variicola W12) was higher, which led to a decrease
of VMRs in QJR7 (Table S2). However, the differences between bulk and rhizosphere
soils and different fertilizer treatments in viral abundances, microbial abundances, and
VMR were not significant (ANOVA P > 0.05).

Viral community composition and environmental driving factors

A total of 57 viral families, 352 genera and 4,373 species were identified from the
eight viromes. Among these, dsDNA viruses were predominant, with primary
assignment to the order Caudovirales. At the family level, Siphoviridae (34.8%-—
88.3%) was dominant in most samples (Fig. 1). The ssSDNA Circoviridae family and
dsDNA Myoviridae family also accounted for a large fraction of viromes. Followed
by those three families, other viral families including Podoviridae, Microviridae,
Mimiviridae, Phycodnaviridae, and Nanoviridae were also detected in QJ soils. The
proportions of predominant viral families in bulk soils (QJB1 and QJB3, and QJB4

and QJB7) were similar, while those in rhizosphere soils were distinct from each
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other.

We compared the effects of different nutrient addition treatments and soil habitats on
viral community using three statistical approaches (PERMANOVA, ANOSIM and
MRPP). The viral communities were significantly different between bulk soils and
rhizosphere soils, but similar among different treatments (Table 2). However, these
findings are based on 8 viromes which is a small dataset for statistical analyses, and
need to be further tested with more soil samples. Non-metric multidimensional scaling
(NMDS) analysis was used to compare the viral community between bulk and
rhizosphere soils and showed that viromes from bulk and rhizosphere soil formed two
separate clusters (ANOSIM R = 0.521, P = 0.032) (Fig. 2A). Linear discriminant
analysis effect size (LEfSe) analysis identified four families, five subfamilies and
seventeen genera that showed significantly different abundances between bulk and
rhizosphere soils (Fig. 2B). A total of 61.5% belonged to Caudovirales, and most of
these belonged to Siphoviridae. Four families (Myoviridae, Microviridae,
Lavidaviridae and Papillomaviridae), all sub-families and fourteen genera were
enriched in bulk soils, whereas only three genera were significantly enriched in
rhizosphere soils.

Redundancy analysis (RDA) was used to identify the major factors contributing to the

distribution of viral communities. The first and second RDA axis interpreted 40.61%
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and 23.06% of the total variability of viral species, respectively (Fig. S1). Among
those physicochemical properties, only soil pH had a significant impact on viral
communities (P <0.05).

Phylogenetic tree of terL gene

As Caudovirales were the most abundant viruses in QJ agricultural soil samples and
the terminase large subunit (terL) is conserved in different families of Caudovirales,
phylogenetic analysis of terL gene was used to assess the diversity and genetic
distance of Caudovirales in bulk and rhizosphere soils. A total of 74 terL amino acid
sequences were retrieved from contigs and used in the phylogenetic analysis (Fig. 3).
Many sequences were affiliated with Siphoviridae, followed by Podoviridae and
Myoviridae. Only sequences from bulk soil were divided into Myoviridae, which was
consistent with the LefSe analysis showing that Myoviridae was enriched in bulk soil.
These sequences formed 5 major groups within the Siphoviridae and Podoviridae
families. Three groups (QJ groupl, 2 and 3) phylogenetically distant from the known
reference sequences illustrated previously uncharacterized diversity for Caudovirales
in agricultural soil, and could be viewed as novel major branches, depending on the
reference protein used.

Functional composition of viromes

The putative functions of the annotated open reading frames (ORFs) from viral reads

This article is protected by copyright. All rights reserved.



were visualized using MEGAN, and 17,259 ORFs were functionally classified by
comparison with the SEED database. Twenty-two functional categories were assigned
to the eight viromes (Fig. 4A). The dominant annotation of SEED (19.6%—36.6%)
was the subsystem “Phages, prophages, transposable elements, plasmids” (Fig. 4A).
“Phage head and packaging” presented the largest proportion of this group, followed
by “phage packaging machinery” and “Phage Family Inoviridae”, while “Listeria
phi-A118-like prophages”, “Phage photosynthesis”, “T4-like cyanophage core
proteins” and seven other functions were also identified, but were less abundant
(Table S3). Other SEED functional categories, such as “Cofactors, Vitamins,
Prosthetic Groups, Pigments” (6.35%-15.84%) and “Amino Acids and Derivatives”
(5.94%-17.83%) were the most abundant following the phage ones (Fig. 4A). Other
functions relating to phosphorus, protein, RNA and DNA metabolisms and
photosynthesis were also identified in QJ agricultural soils. Although there was no
significant difference of subsystem category (level 1) in relative abundances between
bulk and rhizosphere soil, “Phage entry and exit”, “Bacterial Cytoskeleton”, “DNA
structural proteins, bacterial” and “Polyamine Metabolism” at SEED subsystem level
2 annotations, were enriched in bulk soils whereas no gene was significantly enriched
in rhizosphere soils (Fig. 4B). “Carbohydrates” was abundant in the eight soil samples,

suggesting that viruses may contribute to modulation of carbon cycling.

This article is protected by copyright. All rights reserved.



Aucxiliary carbohydrate metabolism genes in soil viromes

To clarify the viral role in carbon cycling in agricultural soils, viral contigs (> 10 kb)
were identified by Virsorter and only VirSorter categories 1, 2 and 5 were considered
for annotating potential carbohydrate-active enZYmes (CAZymes) on dbCAN web
server (Table S4). Atotal of48 viral ORFs identified as CAZymes belonged to three
CAZyme functional classes (CBM_families (Carbohydrate-binding modules),
CE_families (Carbohydrate Esterases), and GH_families (Glycoside hydrolases)),
with primary assignment to glycoside hydrolases (Fig. 5). Forty genes were identified
as lysozyme or chitinase which were used to degrade the host cell wall. The
remaining genes were identified as acetyl xylan esterase, cutinase, a-amylase, etc.
(Table S4). Many of CAZymes were identified from QJB7. GH23 and GH24 were the
most abundant CAZymes in QJ agricultural soil, while CE5, GHO, and GH13 were
present at low abundance. CE3 and GHO were only identified in rhizosphere soils,
while CE5, GH13, GH19 and GH73 only existed in bulk soils (Fig. 5).

Map analysis of CAZymes_containing viral genomes

CAZymes_containing viral genomes were identified by linkage information or
genomic context (Fig. S2). One-third of CAZymes genes were identified from
complete viral genomes annotated with the PHAge Search Tool. Two CAZymes_

containing complete genomes separately from bulk soil (QJB7) and rhizosphere soil
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(QJR7) were shown in Fig. S2. QJR7_NODE7 showed 100% genetic similarity to
other two genomes from QJR3 and QJR4 (QJR3_NODES5, QJR4 NODE12), and had
70.21% nucleotide identity with Xanthomonas virus Xpl10. JQB7_NODE22 had
85.19% identity with Salmonella phage IME207. These genomes have
‘high-confidence’ viral genomic contexts, for common viral genes, such as viral
structural genes and terminases were found in genomic regions both downstream and
upstream of CAZymes (Fig. S2).

Discussion

Predominant viral families and novel viral groups in QJ agricultural soil
Taxonomic diversity analysis revealed that Caudovirales were the major viral group.
Siphoviridae was particularly abundant in QJ agricultural soils, especially in QJRA4.
This result is consistent with results from southeastern USA agricultural soil and
Antarctic soil (Adriaenssens et al., 2017; Liang et al., 2019). The ssDNA viruses like
Circoviridae and Microviridae were also abundant (Fig. 1). They are the dominant
taxa in some soil habitats, like agricultural soils and mangrove soils (Han et al., 2017;
Jin et al.,, 2019). However, the high occurrence of ssDNA viruses might be caused by
the bias of multiple displacement amplification (MDA) using the phi29 polymerase
(Kim and Bae, 2011; Marine et al., 2014). We recovered ssDNA and dsDN A viruses

using the Accel-NGS 1S Plus DNA Library Kit, which was efficient for quantitative
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amplification when targeting both dsDNA and ssDNA viruses (Roux et al., 2016a).
Methods for study of the soil virome are still being optimized (Trubl et al., 2019).
Compared with other soil virome studies, we found a highly diverse array of viral
families (57 viral families) in this study. Nucleocytoplasmic large DNA viruses
(NCLDVs) (e.g. Mimiviridae, Phycodnaviridae, Poxviridae, Iridoviridae, Ascoviridae,
and Marseilleviridae) were identified in these agricultural soils. Most of them
accounted for a small proportion due to the size-fractionated method. NCLDVs were
highly represented in some surface soils (Liang et al., 2019), and the phylogenetic
diversity of giant viruses were recently identified in forest soil using
cultivation- independent metagenomics and mini- metagenomics (Schulz etal., 2018).

Many novel viruses have been discovered in different soil habitats. Several novel
clades of Caudovirales and ssDNA eukaryotic viruses were found in mangrove soils
using phylogenetic analyses (Jin et al., 2019). In this study, phylogenetic tree of terL
gene identified three novel groups of Siphoviridae. Although Caudovirales were the
best-studied viral group to date, these novel groups suggest that Caudovirales in
agricultural soils are relatively uncharacterized and understudied. More than 85% of
the reads showed no-hits against the databases, and previous studies have shown that
most viral environmental sequences are underrepresented in current databases

(Hurwitz and Sullivan, 2013), and the large component of uncharacterized viromes is
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typically labeled as “viral dark matter” (Reyes etal., 2012).

Comparisons of viral taxonomic diversity between bulk and rhizosphere soils
Four families, Microviridae, Myoviridae, Lavidaviridae and Papillomaviridae were
more abundant in bulk soil than in rhizosphere soil (Fig. 2B). Microviridae is a typical
ssSDNA bacteriophage and mainly infects enterobacteria, intracellular parasitic
bacteria, and spiroplasma (Brentlinger et al., 2002). Gokushovirinae, a subfamily of
Microviridae, was also enriched in bulk soils, and ubiquitous in Chinese agricultural
soils (Han et al, 2017). Remarkably, in our study, Pradovirus was significantly
enriched in rhizosphere soil (Fig 2B), and may infect Ralstonia solanacearum an
important soil-borne plant pathogen (Addy et al., 2018). This suggests that roots may
accommodate special viruses such as Pradovirus which could function as plant
disease biocontrol agents. Recently, Shen and his team successfully used phage
treatment to decrease the incidence of disease of tomato (Wang et al., 2019), but the
use of phage biocontrol is still poorly studied. Many microbes have been reported as
biocontrol agents, for example, Pseudomonas isolated from maize rhizospheres and
Rhodopseudomonas palustris colonizing tobacco phyllosphere (Costa et al., 2006; Su
et al., 2019).

In our study, the viral community in maize rhizosphere soil formed a separate cluster

from the community in bulk soil (Fig. 2A). Previous study showed that land use could
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change the diversity of viruses (Munoz-Arenas et al., 2020). Viromes from different
biomes, like seawater, freshwater, sediment, desert, soil and air, tend to be clustered
according to the sample medium types (Roux et al, 2016b; Han et al., 2017).
Additionally, the heterogeneity of geochemical parameters, even over short spatial
scales in wetlands control viral community composition and structure (Martins et al.,
2018). We found that pH had a significant relationship with viral communities (Fig.
S1). This was consistent with the results from Antarctic soils and thawing permafrost
peatland soils (Adriaenssens et al., 2017; Emerson et al., 2018). Soil pH has been
reported to be the most important abiotic driver of microbial community structure of
bulk and rhizosphere soils (Fan et al., 2017). It may indirectly influence the viral
diversity through impacts on host community composition. Additionally, plants, such
as Arabidopsis thaliana, produce a range of specialized triterpenes that could
influence and shape the microbial community within and around its roots (Huang et
al., 2019). It is also argued that root exudates can also impact the host community
composition, thus affecting the viral community. A new study by Starr and his
colleagues uncovered a high diversity of RNA viruses in bulk and rhizosphere soil,
and viral and host communities were impacted by the presence of root litter instead of
growing roots (Starr et al., 2019). Overall, more studies of the soil virome are needed

to decipher the major factors driving viral community composition in soil, the
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underlying mechanisms as well. It is very interesting that a dialogue between
microbiology and archaeology showed that the oldest sequenced RNA virus genome
is a 1000-year-old maize virus (Brussow, 2020), therefore combined analysis of RNA
viruses was important for expanding our understanding of the entire viral
characteristics in soil which would be helpful for the use of viruses in agricultural
productivity.

Potential biogeochemical impacts of viruses in agricultural soil

Viruses impact biogeochemical cycling via top-down (lysing dominant microbial
hosts) and bottom-up (carrying auxiliary metabolic genes) controls in different
environments (Brum and Sullivan, 2015; Trubl et al., 2018). For example, viruses
infecting C-cycling-related microorganisms like methanogens and methanotrophs
have been identified in a thawing permafrost peatland soil (Emerson et al., 2018;
Trubl et al., 2018). In this study, predicted ORFs related to carbohydrate metabolism
accounted for 4.31%-11.81% of viral functions classified by the SEED database (Fig.
4). Furthermore, a total of 48 CAZymes were identified by the dbcan server. These
genes included glycoside  hydrolases,  carbohydrate  esterases  and
carbohydrate-binding modules. Glycoside hydrolases that break down complex
organic matter were the most abundant in our soils, which supported previous

findings (Emerson et al., 2018). However, most CAZyme genes in QJ agricultural
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soils were different from those in mangrove soil (Jin et al., 2019). We suppose that
viralencoded CAZymes could be environment-specific because of different
carbohydrate compositions or associated host communities. As the degradation of
polysaccharide is a complex process, abundant carbon processing related AMGs or
CAZymes in numerous environments may boost host metabolism and promote viral
propagation (Breitbart et al., 2007; Anderson et al., 2017).

This study represents an initial survey of the viral abundance, compositional and
functional diversity, and potential biogeochemical impacts in bulk and rhizosphere
soils. Viral community composition in rhizosphere soil was significantly different
from that in bulk soil. Soil pH was the main driver of viral community composition in
our datasets. Future studies based on large-scale sampling and metagenomics analysis
are needed to determine whether other physicochemical properties and root exudates
affect viral community composition and explain the underlying mechanisms.
Abundant CAZymes were identified in our study, suggesting that viruses can
contribute to biogeochemical cycling. Overall, this study expands our understanding
of interactions among plant-soil-virus systems.

Experimental Procedures

Sample collection and physiochemical properties

The field experiment was established in spring of 2016 with a maize-barley rotation

This article is protected by copyright. All rights reserved.



system in Qujing (QJ, 25°09'40.8"N, 104°01'51.5"E, 1.925 km) in the Yunnan
province, China. The soil type in QJ is classified as red soil (Paleudults in the USDA
Soil Taxonomy). Soil samples were collected during the maize heading stage in
August 2018. Three replicates of 4 treatments were arranged in a randomized block
design in 30-m? plots, and the plot was 1 m away from each other. Treatments
consisted of no additional fertilizer, nitrogen addition (160 kg N (urea) ha™t), nitrogen
addition (160 kg N (urea) ha™t) plus straw (3000 kg ha1), and nitrogen addition (160
kg N(urea) ha™) plus the diazotroph Klebsiella variicola W12 (500 L hal (1 x 1012
CFU/mL)) (Table S5). The fertilizer application rates of phosphorus (P) and
potassium (K) were identical for all treatments at a rate of 90 kg hat P20s and 90 kg
hal K20 for each crop season. We sampled rhizosphere and bulk samples from each
plot with five replicate locations. For bulk soil, at each location, the topsoil (0-10 cm)
15 cmaway from plants was collected. For rhizosphere soil, 2 to 3 maize plants linked
to a nearby bulk soil were excavated. After gently shaking away the loosely attached
soil, the tightly attached soil on the roots (0-15 cm) was collected, and it served as the
rhizosphere soil sample. Soil samples collected from 3 replicates were homogenized
respectively, and in total we had 8 samples, namely 4 bulk soil (QJB1, QJB3, QJB4,
QJB7), 4 rhizosphere soil (QJR1, QJR3, QJR4, QJR7). A total of 4 kg of each bulk

and rhizosphere soil sample was collected and transported at 4°C back to the
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laboratory.

Sieved (2 mm) soil samples were stored at 4°C for virus extraction and
physicochemical analysis. Soil samples were dried for 12 h at 105°Cand reweighted to
measure soil water content (SWC). Soil pH was determined in a 1:2.5 soil/water
suspension using a pH-meter (Professional Meter PP-20, Sartorius, Germany).
Dissolved organic carbon (DOC) was extracted by 0.5 M K2SOs and determined
using a TOC analyzer (Multi N/C 3100, Analytikjena, Germany). NHs*-N and
NOs™-N were extracted with 1 M KCl and measured by a Continuous Flow Analyzer
(SAN++, Skalar, Holland). Available phosphorus (AP) was measured using the Olsen
method (Olsen, 1954).

Virus and microbe counting by epifluorescence microscopy

Viral and microbial abundances in each soil sample were estimated using
epifluorescence microscopy (EFM) (Danovaro and Serresi, 2000; Han et al., 2017).
Approximately 3 g of each sample was suspended in 30 mL of glycine buffer (250 nM,
pH=8.5), vortexed for 15 min, and then centrifuged at 3,000 x g for 4 min at 4°C. The
supernatant was filtered through a 0.45 pum Millex filter to remove larger particles.
Finally, 200 pL of subsample was suspended in 800 pL of sterile deionized water and
vacuum-filtered through a 0.02 pm Anodisc filter membrane. The dried filter

membrane was stained for 15 min using SYBR Green | (Invitrogen, Eugene, Oregon,
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USA) working solution (1:400) in darkness at room temperature. Subsequently, the
stained Anodisc membrane was observed under EFM (Nikon, Melville, NY, USA).
All samples were carried out in triplicate. For each sample, the abundances of VLPs
and microbial cells were calculated from at least 15 fields of view. VMRs were
calculated.

Viral DNA extraction, metagenomic library preparation and sequencing

Methods for extracting soil viromes were as previously described (Han et al., 2017,
Yu et al.,, 2018), and viruses were extracted from all samples within ten days after
transporting to the laboratory. Briefly, for each sample, 600 g of soil was suspended in
3 L of glycine buffer (250 nM, pH=8.5) and shaken for 15 min. After centrifugation,
the supernatant was filtered sequentially through 1 mm, 0.45 pm and 0.20 pm
tangential flow filters (QuixStand, GE Healthcare Life Sciences, Pittsburgh, PA,
USA). Then the viral particles were concentrated using 30 kDa tangential flow filter
system, followed by concentration in a 30 kDa centrifugal ultrafiltration tube (Merck
Millipore Ltd., Tullagreen, Ireland) at 4000xg until the final volume was less than 1
mL. The viral concentrates were treated with DNase | (Thermo Fisher Scientific,
Lithuania, EU) (10 units DNasel/100 pL)and incubated at 37°Cfor 1 h to remove free
nucleic acids. The presence of free and contaminating bacterial DNA was checked by

PCR amplification of the 16S rRNA gene with universal primers 27F/1492R (Suzuki
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et al., 2000).

Viral DNA was extracted from the concentration of virus particles using the Qiagen
AllPrep PowerViral DNA/RNA extraction kit (Qiagen, Hilden, Germany), following
the manufacturer’s protocol. Then viral DNA was fragmented to 350 bp by Covaris
(Covaris, Woburn, MA, USA) and purified by Zymo Research DNA Clean &
Concentrator kit (Zymo Research, Orange, CA, USA). Eight libraries were performed
with the Accel-NGS 1S Plus DNA Library Kit (Swift Biosciences, Ann Arbor, MI,
USA) according to manufacturer’s protocol. The libraries were sequenced using an
[llumina X10 at Nanjing Puwikon, Co., Ltd (Nanjing, China) to generate 150 bp
pair-end reads.

Bioinformatic analyses of the virome

We used the fastp tool to remove adapters and filter low-quality reads (Chen et al.,
2018). Reads mapped to the NCBI UniVec database
(ftp:/Mftp.ncbi.nIm.nih.gov/pub/UniVec, March 2017) using bbmap with default
parameters to remove mobile genetic elements. SortMeRNA v2.1 was used to identify
and remove rRNA reads (Kopylova et al., 2012). Clean reads were classified using
Kraken against the NCBI reference sequences (RefSeq, accessed March 2019) to
identify bacterial or archaeal reads (Wood and Salzberg, 2014). For viral taxonomic

identification, clean reads were compared against the NCBI non-redundant (nr)
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database, Refseq virus database and all phage database from the PHAST website
(until August, 2018) (Pruitt et al., 2007; Zhou et al., 2011; Agarwala et al., 2016)
using diamond (BLASTX, thresholds of 1e®® on E-value and 50 on bit score)
(Buchfink et al., 2015). For functional assignments, ORFs of viral reads were
predicted by Prodigal (Hyatt et al., 2010) and each predicted gene was compared to
NR and RefSeq viral protein database using the diamond (BLASTp , E-Value < 1le™®
and identity > 60%) (Buchfink et al., 2015). Viral functions were annotated with the
SEED database (May 2015) of MEGAN 6 with default parameters (Huson et al.,
2007).

Clean reads were assembled into contigs by metaSPAdes with default parameters
(Nurk et al., 2017). Viral contigs (at least 10 kb in length) were identified using the
VirSorter tool by virome database with the “virome decontamination” method (Roux
et al, 2015; Roux et al., 2019), and contigs of “category 1”, “category 2” and
“category 5 (higher confidence predictions) were selected for further analysis, which
aims to minimize potential cellular genome contamination. ORFs of viral contigs
were predicted by Prodigal (Hyatt et al., 2010). CAZymes from these viral ORFs were
automated on the dbCAN2 meta server based on CAZyme family-specific HMMER
(E-Value < 1e'15, coverage > 0.35), DIAMOND (E-Value < 1e102) and Hotpep

(Frequency > 2.6, Hits > 6) together (Zhang et al., 2018). Complete viral genomes
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were identified using PHAST (Zhou et al., 2011). Genome structures were generated
by Easyfig (Sullivan et al., 2011). The similarity of two complete genomes was
calculated by the BLAST method (Zhang et al., 2000). Metadata for our virome
analyses according to the MIUVIG standards was shown in Table S6 (Roux et al.,
2019).

A phylogenetic tree of terL gene amino acid sequences (encoding the large subunit of
the terminase) of Caudovirales was generated using MEGAG6 software (Tamura et al.,
2013). Contigs homologous to the marker gene were selected using HMMER against
reference sequences, as previously described by Liu et al. (Liu et al, 2018). All
selected amino acid sequences were aligned using MUSCLE with default alignment
parameters. The phylogeny tree with 500 bootstraps was constructed using the
Jones-Taylor-Thornton (JTT) model with the maximum likelihood method in MEGAG.
The output was visualized by Evolview v2 (He et al., 2016).

Statistical analyses of the virome

The effects of treatments and soil habitats (rhizosphere and bulk soils) on viral
community compositions (at species level) were tested by three statistical methods
(analysis of similarities (ANOSIM), multi-response permutation procedure (MRPP),
and non-parametric multivariate analysis of variance (PERMANOVA)), using the

“vegan” package with 999 permutations in R (Dixon, 2003; Anderson and Walsh,
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2013). The viral community compositions (species-level) were analyzed by NMDS
ordinations and visualized by the “ggplot2” package in R (Ginestet, 2011). The
NMDS analysis was based on Bray-Curtis dissimilarity distances and calculated on
the relative abundance of species-level taxonomic assignment, and statistically
evaluated by ANOSIM. LEfSe was used to identify differentially abundant viruses
(from order level to genus level) between bulk and rhizosphere soils, based on P <
0.05 and an LDA score > 2.0 (Segata et al., 2011). RDA was used to examine the
relationship between viral community compositions and environmental factors (i.e.
SWC, pH, DOC, NH4*N, NO3z-N and AP). Before conducting RDA analysis, the
environmental factors were selected based on the variation inflation factors (VIFs)
(<10) (O'Brien, 2007). The significant relationships between viral community
compositions and environmental factors were calculated by the “envfit” (permutation
=999) on the R platform (P < 0.05).

Data availability

The raw sequence files obtained from this research were submitted to the NCBI
Sequence Read Archive (SRA) with accession number PRINA588894.
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Table 1 Overview of sequences of eight soil viromes.

Number of

Number Total size of Longest
GC contigs (>10 kb)

Sample ofclean clean reads hit (%) contig

content identified by

reads (Gbp) (bp)
Virsorter

QJBl1 25,236,158 3.66 59.14% 0.35 3 65,802
QJB3 23,711,163 3.44 58.75% 0.52 9 65,802
QJB4 9,550,902 1.40 57.61% 1.07 13 324,666
QJB7 16,726,092 2.48 57.41% 151 31 324,666
QJR1 24,175,567 3.50 55.73% 0.26 8 59,010
QJR3 15,735,058 2.32 49.39% 0.59 5 49,603
QJR4 13,110,016 1.93 50.40% 1.54 14 112,923
QJR7 17,937,585 2.61 45.63% 1.18 11 64,301
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Table 2 Significance tests of the effects of treatments and soil habitats on viral
community composition using three different statistical approaches (PERMANOVA,
ANOSIM and MRPP). Values in bold indicate a significant difference between the

treatments or soil habitats (P < 0.05).

PERMANOVA  ANOSIM MRPP

Treatments
F P R P 5 P

Bulk vs. Rhizosphere  2.767 0.030 0.521 0.032 0.532 0.029
N vs. No-N 1.991 0.104 0.260 0.113 0.552 0.105
Straw vs. No-straw 0.870 0.415 0.125 0.270 0.625 0.789

W12 vs. No-W12 0.776  0.622 0.000 0.467 0.624 0.773

N: samples with nitrogen fertilization, No-N: samples without nitrogen fertilizer,
Straw: samples with straws, No-straw: samples without straw, W-12: samples with
W12, No-W12: samples without W12. In case of Bulk vs. Rhizosphere, there were 4
viromes vs. 4 viromes. As for the rest of comparisons, there were 2 viromes vs. 6

viromes.
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Figure Legends

Fig. 1 Taxonomic composition of viromes in QJ bulk and rhizosphere soils, assessed
for all virus-associated reads at the family level. 48 different vial families (abundance
<1%) make up “Other” category. The library construction was performed with the
Accel-NGS 1S Plus DNA Library Kit.

Fig. 2 Diversity of viral taxonomic composition in bulk and rhizosphere soils.
Non-metric multidimensional scaling (NMDS) analysis of viral communities between
bulk and rhizosphere soil. Bray-Curtis dissimilarity distances were calculated based
on the relative abundance of species-level taxonomic assignment (A). Linear
discriminant analysis effect size (LEfSe) showing differentially abundant viruses
(from order level to genus level) between bulk and rhizosphere soils, based on P <
0.05 and an LDA score > 2.0 (B).

Fig. 3 Maximum likelihood tree of the terminase large subunit protein (terL) of
Caudovirales. The tree was bootstrapped with 500 sub-replicates, and bootstrap
scores > 50% are flagged with circles. Contigs of bulk and rhizosphere soil are
colored in red and blue respectively. Reference sequences are colored in black.

Fig. 4 Functional profile (SEED level 1 subsystem) of eight viromes (A). Occurrence
of significant variations in relative abundances of the SEED subsystem level 2

annotations between the bulk and rhizosphere soils (B).
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Fig. 5 Annotated auxiliary CAZymes from QJ bulk and rhizosphere soils.
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