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Experimental evidence for the impact of soil viruses on carbon
cycling during surface plant litter decomposition
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To date, the potential impact of viral communities on biogeochemical cycles in soil has largely been inferred from correlational
evidence, such as virus-driven changes in microbial abundances, viral auxiliary metabolic genes, and links with soil physiochemical
properties. To more directly test the impact of soil viruses on carbon cycling during plant litter decomposition, we added
concentrated viral community suspensions to complex litter decomposer communities in 40-day microcosm experiments. Microbial
communities from two New Mexico alpine soils, Pajarito (PJ) and Santa Fe (SF), were inoculated onto grass litter on sand, and three
treatments were applied in triplicate to each set of microcosms: addition of buffer (no added virus), live virus (+virus), or killed-virus
(+killed-virus) fractions extracted from the same soil. Significant differences in respiration were observed between the +virus and
+killed-virus treatments in the PJ, but not the SF microcosms. Bacterial and fungal community composition differed significantly by
treatment in both PJ and SF microcosms. Combining data across both soils, viral addition altered links between bacterial and fungal
diversity, dissolved organic carbon and total nitrogen. Overall, we demonstrate that increasing viral pressure in complex microbial
communities can impact terrestrial biogeochemical cycling but is context-dependent.

ISME Communications; https://doi.org/10.1038/s43705-022-00109-4

INTRODUCTION
Viruses that infect microbial hosts have a major impact on their
immediate host and can also influence larger scale environmental
processes. Viruses account for an estimated 20–40% of bacterial
mortality in the oceans and are believed to be a major driver in
marine carbon (C) cycling [1–4]. Viral infection likely impacts C and
nutrient cycling in aquatic systems [5], and several pathways
related to broad-scale impacts on the marine carbon cycle have
been proposed [6, 7]. The ‘viral shunt’ emphasizes the recycling of
dissolved organic matter (OM), ultimately fueling CO2 release into
the atmosphere by heterotrophic microbes [8, 9], while the ‘viral
shuttle’ emphasizes viral driven organic particle aggregation that
favors carbon export to the deep ocean [10].
As in marine systems, recent research suggests that viral-

mediated processes also impact terrestrial C and nutrient cycling
[11–14]. However, the magnitude and nature of these impacts are
unknown. Differences between marine and terrestrial ecosystems
that may influence the impact of viral-mediated C cycling include
differences in microbe and virus turnover times and the
environmental spatial structure and heterogeneity [14, 15]. Efforts
to characterize viral diversity [16–21] and activity [22–24] in soils
and their impacts on biogeochemical cycling [25] are rapidly
increasing. Soil virus studies have focused on exploiting previously
sequenced metagenomic [26] and metatranscriptomic [12]
datasets as well as creating novel viromics datasets [27]. To date,
the impact of the soil virome on biogeochemical cycling has
largely been inferred from viral driven changes in microbial

populations (e.g., predator-prey cycles) (e.g. [24, 28]) and presence
of putative auxiliary metabolic genes, which may be impacting
biogeochemical cycling [11, 13, 22, 23]. More direct evidence of
soil viral community-mediated alterations in C cycling are
generally lacking, but there is recent experimental evidence for
soil viruses affecting nitrogen cycling [25]. Given that terrestrial
systems contribute approximately 50% of C efflux to the atmo-
sphere [29], understanding the impact of soil viruses may be
critical to enable better modeling of greenhouse gas emissions
under climate change scenarios.
Changes in the composition of microbial communities are

increasingly recognized as a factor that can drive substantial
variation in soil carbon cycling [30–35]. Viral predation in litter
decomposer communities is a mechanism that can not only alter
community composition but also directly affect C flow [15, 36, 37].
To assess the relevance of viral predation, we manipulated virus
abundance in microcosm experiments. We inoculated two distinct
soil microbial communities spiked with a live or killed viral
community concentrate extracted from the same source soil into
microcosms containing plant litter and sand substrate; a no virus
treatment where buffer was added was used as an additional
control (Fig. S1). We measured respiration and net loss of
dissolved organic carbon (DOC) and total nitrogen (TN) in the
microcosms over 40 days. We measured bacterial and fungal
community composition at the 40-day endpoint. Finally, we
sequenced the ‘viromes’ and metagenomes of the two initial soil
microbial communities. We hypothesized that increasing the
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quantity of virus would alter microbially driven C cycling during
plant litter decomposition by changing microbial community
dynamics.

METHODS
Soil collection, whole microbial community inoculum, and
virus extraction
Soils were collected from two locations, Pajarito Mountain Los Alamos (PJ)
(35.894208°N, 106.391817°W) and Mount Baldy Santa Fe (SF) (35.793527°N,
105.800391°W) in northern New Mexico during the first week of November
in 2020. These sites are at elevations of 2853m and 2952m respectively
and dominated by pondersa pine and grasses, however, soil samples were
collected from areas of bare soil away from immediate vegetation. Larger
rocks and leaf litter on top of the soils were removed and soils were
aseptically collected with sterilized instruments from an area of
approximately 15 × 15 × 15 cm. Samples were transported in a cooler
back to the laboratory where they were homogenized and sieved with a 2
mm sieve. Soils were stored for up to one month at 4 °C prior to use in
microcosm experiments and we acknowledge that the microbial commu-
nity could have changed during the storage period.
For each soil type, we used 1 g of the previously sieved and

homogenized soil to create a whole community microbial inoculum. To
make the microbial inoculum (50× soil dilution) we added 1 g of soil to 9
ml of M9 minimal media, hereafter referred to as M9 media. M9 media was
made in quantities of 1 L by combining 778ml Sterile H20, 200ml of a well-
mixed 5x M9 salts solution (Sigma Aldrich), 1 ml of sterile 1 M MgSO4, 0.1
ml of sterile CaCl2, and 20ml of 20% glucose. We shook the soil suspension
and then let it sit for 2 min to allow particles to settle particles. We then
added 1ml of the suspension to 4ml of M9 media.
To concentrate and extract a viral fraction from each soil we used a

combination of centrifugation and size filtering to exclude larger microbes.
We extracted viruses from 300 g of the two soil types. Fifty grams of soil
was added to 10ml of M9 media and incubated overnight at 37 °C. This
was replicated six times for each soil. After the overnight incubation, we
further split each sample to allow for centrifugation in the following steps.
Twenty-two grams of soil slurry (soil and M9 media) was placed into twelve
50ml falcon tubes. We added 26ml of Glycine buffer (0.25 N pH 9.5 –
Tween 80 0.02% v/v) to each tube and incubated them at room
temperature (RT, 25 °C) for one hour while rotating. Samples were
centrifuged at 4500 × g for 15 min at 4 °C and the supernatant was
collected. The supernatant was then filtered using a 0.22 µM PVDF syringe
Millipore filter. After filtering, we used Amicon Ultra filters to concentrate
the sample. First, 50 ml Amicon Ultra filters were coated with M9 media
to reduce virus adherence to the membrane. This was achieved by adding
1mL of M9 media to basket, pipetting up and down, and then removing
the M9 media. Next, we added 15ml of our filtered samples and
centrifuged at 3000 rpm for 20min (25 °C). Liquid flow through was
discarded and we repeated this step until all of the samples were added to
the Amicon filter and approximately 200–400 µL of liquid (concentrated
virus) remained in the upper part of the tube. We add 100 µL of M9 media
and pipette up and down to mix and resuspend the virus from the Amicon
filter. Overall, after pooling samples, we obtained 8ml of viral concentrate
per initial 300 g of soil. An aliquot of virus concentrate from each soil was
autoclaved to create a “killed-virus” sample.
In order to test the efficiency of our virus extraction technique, we

created control samples for each soil where lambda phage (ATCC 97537)
was spiked into a soil slurry (soil and M9 media) and extracted using the
method outlined above. For these controls, soil slurries were not incubated
overnight. Following the phage extraction, we performed plaque assays to
assess extraction efficiency. Lambda phage susceptible Escherichia coli
(ATCC 47076) were grown overnight in lambda broth mixing on a rotator at
37 °C. We added 0.3ml of E.coli and 0.1 ml of phage sample and mixed in a
2ml tube. Phage samples included extractions from the two lambda spiked
soils, a control of the initial lambda phage that was spiked into soils, and
lambda phage that had been autoclaved to kill the phage. Serial dilutions of
each sample type were tested and an E. coli control with no phage addition
was included. After mixing the E. coli and phage, we incubated tubes at RT
(25 °C) for 20min and then moved tubes to a heat-block where they were
incubated at 37 °C for 10min. 0.4ml of E.coli and phage mix was then
added to 2.5ml of heated lambda top agar and poured on pre-prepared
lambda plates. Plates were placed in the incubator at 37 °C overnight and
plaques were counted on each plate and used to compute the
concentration of viable lambda phage in each sample.

Initial soil total microbial community and viral DNA extraction
for metagenomic sequencing
Bulk microbial and viral extractions from soils were completed within a
week following soil collection, following a protocol modified from Göller
et al. [38] and Thurber et al. [39]. A protein supplemented phosphate-
buffered saline (PPBS) elution buffer was created in 1 L quantities by
combining 10mL of 10× phosphate-buffered saline (Fisher Scientific), 10 g
of monohydrate potassium citrate (Spectrum Chemical), 18.05 g of
anhydrous MgSO4 (Fisher Scientific) and enough sterile water to reach 1
L. The pH was adjusted to 6.5 and 20 g of nuclease- and protease-free
bovine serum albumin (“BSA”, VWR) was slowly added while the solution
was mixing using a stir plate. Once the BSA was solubilized, the solution
was filtered through a 0.22 µm vacuum filter and stored at 4 °C. Soil was
sieved at 2-mm and 30 g was weighed out for each soil, split into two 50
mL Falcon tubes. Soils were suspended in a 1:1 w/v PPBS elution buffer, the
Falcon tubes were parafilmed and shaken manually for 30 s and vortexed
for 30 s in sequence four times. Samples were then shaken at 300 RPM for
40min at RT and then soil suspensions were refrigerated overnight at 4 °C.
The following day, samples were manually shaken again for 2 min and
were centrifuged of 5 min at 5k RPM at 4 °C. Supernatant was removed,
decanted and filtered through sterile fine mesh (0.5 mm) to remove
floating debris and then saved. The pellet was then resuspended in 1:1 w/v
PPBS buffer, using sterile scoopulas to physically loosen and mix the soil
pellet in the liquid. Samples were shaken for 30min at 300 rpm at RT and
then centrifuged for five minutes at 5k RPM at 4 °C. Supernatant collected
and pellet resuspension was completed a total of three times. Super-
natants were combined and centrifuged three times for 10min at 5k RPM
at 4 °C. Following each centrifugation supernatant was transferred to a
new tube and the pellet was discarded. The liquid was then filtered
sequentially through a 25 µm cellulose filter (Cytiva Whatman™ Qualitative
Filter Paper: Grade 4 Circles, Fisher Scientific), 11 µm filter paper (Cytiva
Whatman™ Qualitative Filter Paper: Grade 1 Circles, Fisher Scientific), 3 µm,
(Cytiva Whatman™ Qualitative Filter Paper: Grade 6 Circles, Fisher
Scientific), 1 µm (Cytiva Qualitative Grade Plain Filter Paper Circles - P5
Grade, Fisher Scientific), 0.45 µm (Fisherbrand™ Disposable PES Filter Units,
Fisher Scientific), and finally 0.22 µm syringe-driven PES filters (Millipor-
eSigma). Note that 550 µL aliquots of the 11 µm filtrate was reserved for
the bulk community DNA extraction. Liquid was stored overnight at 4 °C.
Sample volumes of the viral-enriched 0.22 µm filtrate ranged from
approximately 40–50ml. Viral concentration was achieved in two rounds.
First, 25ml of the 0.22 µm filtrate and 10 µL of 0.02 µm filtered FeCl3 (with a
concentration of 0.1 g/mL) were added to sterile 26.3ml polycarbonate
tubes and ultracentrifuged for 3 h at 35,000 RPM under a vacuum. Tubes
were carefully decanted reserving the supernatant. The remaining filtrate
was added to the same ultracentrifuge tube, along with enough of the
reserved supernatant from the previous round, if needed, to create a total
volume of 25ml. 10 µL of the FeCl3 solution was again added and the tubes
were centrifuged again under the same conditions. Tubes were decanted
and 400 µL of ultra-pure water was added to resuspend the pellets, which
were allowed to further dissolve overnight at 4 °C. After overnight
incubation, remaining pellet material as mixed with sterile scoopulas and
pipetted into a new tube. 200 µL of ultra-pure water was added and further
mixing was performed with scoopulas and pipetting liquid up and down.
The final elution volume was approximately 600 µL. Viral-enriched samples
were then treated with 15 µL RNase-free DNase (Qiagen, Cat No. 79254) and
60 µL of the accompanying buffer and incubated at RT on a shaker at 600
RPM for 15min. Tubes were removed to manually invert every few minutes.
DNase was inactivated by adding 10mmol EDTA and incubating for 10min
at 65 °C. Samples were then cooled and stored at 4 °C until extraction. Both
the bulk community samples (550 µL of the 11 µm filtrate) and the viral-
enriched samples were extracted within 48 h. Samples were extracted using
DNeasy PowerSoil Kits (Qiagen, Germantown, MD) using the full volume of
sample available and following manufacturer instructions. At the final step,
samples were eluted twice in 100 µL of ultra-pure water (viral) or twice in
50 µL of ultra-pure water (bulk community). The concentration of DNA was
obtained using the Qubit DNA Assay Kit (ThermoFisher Scientific, Cat. #
Q32854). The quality of the DNA was determined by running the sample on
an E-Gel 1% agarose gel (ThermoFisher, Cat# G402001) with Lambda DNA/
HindIII Marker (ThermoFisherScientific, Cat. #FER SM0103).
Illumina libraries were prepared using NEBNext Ultra DNA II Library

Preparation Kit (New England Biolabs, Cat. #E7645L). DNA was fragmented
using a Covaris E220, the ends made blunt and adapters and indexes were
added onto the ends of the fragments to generate Illumina libraries that
could be sequenced on an Illumina sequencer. Illumina libraries were
eluted in DNA Elution Buffer (Zymo Research, Cat. #D3004-4-10). The
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concentration and size of the libraries was determined by the Agilent
D5000 Assay (Agilent, Cat. #5067-5588, 5067-5589). An accurate library
quantification was determined using the Library Quantification Kit –
Illumina/Universal Kit (KAPA Biosystems, KK4824). Libraries were normal-
ized to the same concentration based on the qPCR results. The libraries
were sequenced on the Illumina NextSeq generating paired-end 151 bp
reads using the NextSeq 500/550 High Output Kit v2.5 (300 cycles)
(Illumina, Cat. #20024908). Sequence data are available through MG-RAST
(www.mgrast.org, mgp100914).

Metagenomic sequence processing
Raw metagenomic and metaviromic reads were quality controlled using
FaQCs v2.10 with default parameters [40]. Cleaned reads were then
assembled to contigs using SPAdes v3.13.0 with the --meta flag [41, 42].
Contigs that were at least 1 kb of length and had 4 ORFs were further
processed using VIBRANT v1.2.1 to identify viral contigs [43], using the
default settings for metagenome contigs and the viral decontamination
-virome flag on the metavirome contigs. Cleaned raw reads were then
mapped back to all viral contigs using BWA mem v0.7.17-r1188 and then
the consequent TPMs (Transcript Per Million) and RPKMs (Read Per Kilo
Million) for contigs were calculated using a custom script. Viral contigs
were further quality controlled using CheckV v0.8.1 [44] and then clustered
into vOTUs using scripts described previously in [45]. Viral contigs were
then assigned to taxonomy based on the Last common ancestor (LCA) of
all the CDS in a contig. Briefly, CDSs for each viral contigs were predicted
using phanotate v1.5.0 [46], which were then searched against viral
proteins from GenBank viral genome database (last accessed on August 7,
2021) using diamond v0.9.14.115 [47]. Only hits that had e-value greater
than 10e-4 and at least 50% of both query and target sequence covered
were kept. LCA of the taxonomy of the top hit for each CDS were then
assigned as the taxonomy of the contig.

Microcosm experiment
Microcosms were constructed in 125ml serum bottles with approximately
7 g of sand and 0.1 g (dry weight) of Blue grama grass litter cut into 1 cm
pieces. The microcosms were sterilized by autoclaving (at 121 °C and 15
psi) three times for 1 h each, with at least a 12-h resting interval between
each autoclave cycle.
For each of the two soil types, we had three different treatments, these

included (1) whole microbial community (no added virus), (2) whole
microbial community and killed-virus extraction (+killed-virus), and (3)
whole microbial community and virus extraction (+virus) (Fig. S1) with
three replicates per treatment type for a total of 18 microcosms. The whole
microbial community and virus extractions treatments were always from
the same soil. We first created a homogenized inoculum for each
treatment by adding viral extract to whole microbial inoculum at a ratio of
2:1. For the no added virus treatment we added M9 media. We then added
1.5 ml of homogenized inoculum to each sterilized grass litter and sand
microcosm. Microcosms were sealed with Teflon-lined crimp caps
(preventing desiccation) and incubated at 25 °C with a 12-h light–dark
cycle for 41 days. On days 2, 5, 8, 14, 21, 32, and 41, CO2 was measured by
gas chromatography using an Agilent Technologies 490 Micro GC (Santa
Clara, CA, USA). After each measurement, the headspace air was evacuated
with a vacuum pump and replaced with sterile-filtered air.
After the 41-day incubation, microcosms were destructively sampled to

measure DOC, TN, and community composition. For each microcosm, 7ml
of sterile deionized water was added, swirled gently by hand for 30 s and
then filtered through a 0.2 µm filter and stored at −20 °C until TOC analysis.
The remaining sand, plant litter and water mixture from each microcosm
was frozen at−80 °C for DNA extraction. In addition, to measuring DOC and
TN in the final microcosms, initial concentrations from the blue grama plant
litter, M9 media, and viral concentrate for PJ and SF soils were also
measured. All samples were prepped by adding 1mL of sample to 5 N HCl
to acidify and purged with air to remove inorganic carbon. The DOC and TN
concentration of each sample was then measured on an OI Analytical
model 1010 wet oxidation TOC analyzer (Xylem Inc., Rye Brook, NJ, USA).
Net loss of DOC and TN from each microcosm was measured by subtracting
the final microcosm measurements from the initial concentrations.

Microbial community taxonomic profiling
For the final microcosm samples, we extracted and sequenced DNA to
obtain bacterial (16S rRNA) and fungal (ITS) community profiles. DNA
extractions were performed with a DNeasy PowerSoil Kit (Qiagen, Hilden,
Germany) following the manufactures protocol with the following

exceptions, 0.3 g of material was used per sample extract and all samples
were eluted to a final volume of 30 µl. DNA samples were quantified with
the Invitrogen Qubit dsDNA HS Assay Kit (Invitrogen,Waltham, MA), on an
Invitrogen Qubit 2.0 following the manufacturers protocols.
The bacterial 16S rRNA genes were amplified with methods previously

described in [35] with the following modifications. Following step one of
PCR the PCR products were cleaned with a 0.9 Ratio of Beckman Coulter
Agentcourt AMPure XP beads (Beckman Coulter, Brea, CA) followed by step
two of PCR. Amplicons were cleaned using the same method as the PCR1
products and quantified using the same procedure as the extracted DNA,
then pooled to 10 ng each. The pool was then cleaned with beads in the
same manner as above following manufacturers protocol. The fungal ITS
regions were amplified using an equimolar mixture of three ITS9 forward
primers (ITS9f_FS1: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNNN
NGAACGCAGCRAAIIGYGA, ITS9f_FS2: TCGTCGGCAGCGTCAGATGTGTATAA-
GAGACAGNNNNNGAACGCAGCRAAIIGYGA, and ITS9F_FS3: TCGTCGGCAG
CGTCAGATGTGTATAAGAGACAGNNNNGAACGCAGCRAAIIGYGA) and the
ITS4r_FS reverse primer (GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGN
NNNNNTCCTCCGCTTATTGATATGC) [48]. Amplification procedure was used
based on Gloor et al. [49], with Phusion Hot Start II High Fidelity DNA
polymerase (Thermo Fisher Scientific, Vilnius, Lithuania). In the first PCR,
barcoded amplicons were produced over 25 cycles using gene primers
flanked by 6 nt barcodes that jointly provided a unique 12-mer barcode for
each sample [49]. Cycling conditions were 5min at 95 °C, 25 cycles of (95 °C
for 30 s, 50 °C for 60 s, 68 °C for 60 s), and a final extension step of 68 °C for
10min. The second PCR extended Illumina adapter sequences on the
amplicons over 12 cycles. Cycling conditions were 5min at 95 °C, 12 cycles
of (95 °C for 30 s, 50 °C for 60 s, 68 °C for 60 s), and a final extension step of
68 °C for 10min. Amplicons were cleaned and concentrated using the
same procedure as with the bacterial 16S rRNA genes described above.
DNA quality of the bacterial and fungal amplicon pools were assessed with
a bioanalyzer, concentration was verified by qPCR, and sequencing was
performed on an Illumina MiSeq with paired-end 250 bp chemistry at Los
Alamos National Laboratory. Unprocessed sequence data are available
through NCBI’s Sequence Read Archive (PRJNA763874)
Sequence data were processed using UPARSE [50], where the same

methods as previously described in [51] where used to obtain OTU tables.
Post processing, for bacteria we retained 83,903 reads; per sample OTU
count minimum, maximum, and median were 1560, 7950, and 4661 reads
respectively. Post processing, for fungi we retained 81,674 reads; per
sample OTU count minimum, maximum, and median were 2043, 8006, and
4804 reads respectively. OTU tables were rarefied to the lowest number of
common sequences for bacterial and fungal profiles (n= 1560 and n=
2043, respectively). OTU tables were used to calculate Bray-Curtis distance
matrices and diversity metrics (richness and Shannon diversity) [52].

Statistical analysis
Many of the statistical tests were performed separately for each microbial
inoculum (PJ and SF) as we expected substantial differences in the
microbial composition and nutrient inputs across the different inocula due
to the geographic distance of the initial soil collection points and wanted
to focus on differences across treatments. All statistical analyses and
graphing were performed in the R software environment [53]. To test for
differences in the net loss of DOC and TN among treatments in the PJ and
SF microcosms over 41 days we performed ANOVA analyses (aov function,
R). We also used ANOVAs to test the impacts of treatment on CO2

production at each measured time point. To test for differences in bacterial
and fungal composition among treatments we performed PERMANOVA
analyses (vegan package R [52]). To identify taxa contributing to significant
compositional differences, we used indicator species analysis [54]. Lastly,
we combined data across both soils and for each treatment (no added
virus, +killed-virus, +virus) and we tested for correlations between
bacterial and fungal richness and diversity and carbon and nutrient
measurements. Here we used DOC and TN measurements from the final
microcosm sampling which corresponds to the sampling time for the
microbial community data. For this analysis, we used the Hmisc [55] and
corrr [56] R packages using Spearman’s rho rank correlation [57].
Correlations were visualized as networks using qgraph [58].

RESULTS AND DISCUSSION
Virus extraction efficiency and magnitude of virus additions
We used lambda phage additions to soils to test the efficiency of
our virus extraction protocol and used this to get an estimate of
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the magnitude of viral addition in our +virus treatment compared
to the controls. Based on plaque assays, our soil virus extraction
procedure recovered the lambda phage from soil with at least
50% efficiency (Fig. S2). Given this, based on the amount of soil
from which our virus concentrates were generated, we estimated
that our virus addition treatment in microcosms increased virus
abundance over 15-fold. Of course, recovery of soil viruses may be
slightly lower since extraction efficiency can vary among viruses
owing to differential binding to filters during the extraction
protocol [59]. While our virus addition is artificial, large increases in
virus abundance in ecosystems are expected when viral lytic
cycles are triggered [60].

Viral additions impact ecosystem processes
The impact of virus addition was assessed by comparing the
+virus treatment to two controls: no added virus and +killed-virus
(Fig. S1). Based on visual inspection (e.g., the presence of dark

material in the viral concentrate), our soil virus concentrates from
both soils contained additional OM, so the +virus treatment
inevitably boosted nutrient abundance in addition to viral
abundance in the microcosms. This can also be seen in the
inoculum DOC and TN measurements, which were similar in the +
killed-virus treatment and the +virus treatment and both were
much higher than the no added virus treatment (Fig. S3). Thus, we
used the +killed-virus treatment to assess the impact of the large
carbon and nutrient addition on the system (Fig. S1). We
acknowledge that, in addition to ‘killing’ the viruses, autoclaving
changes the character of carbon and nutrients [61], which is a
limitation to the study. We attempted to mitigate this by comparing
the +virus treatment to two different controls (no added virus and
+killed-virus treatments). Other studies manipulating viruses in
complex soil systems faced similar limitations [25].
We focused on two metrics of C cycling in the decomposition

microcosms including net DOC loss and respiration (CO2 produc-
tion). Comparing across treatments within the PJ and SF
microcosms, the PJ +virus treatment had the same net DOC loss
compared to the +killed-virus treatment, while for the SF
microcosms net DOC loss was lower in the +virus compared to
the +killed-virus treatments (Fig. 1a). We also measured net TN
loss in the system and found that the PJ +virus treatment had a
lower net TN loss compared to the +killed-virus treatment, while
in the SF microcosms we saw the opposite trend (Fig. 1b). Net
DOC loss captures the net outcome of microbial consumption and
production of DOC in the microcosm system. Generally, con-
sumption was much higher than production, illustrated by the
overall decline in DOC from the beginning to end of the
experiment (Fig. S3). We posited that viruses would alter the net
DOC measured in the system by changing microbial community
dynamics. For example, increasing phage lysis of an abundant
microbial taxa might open niche space and increase competition
among other taxa leading to altered DOC consumption. Thus, our
hypothesis was partially supported as viral addition altered net
DOC loss, one component of C cycling in this system, in the SF
microcosms. Furthermore, nutrient cycling, specifically net TN loss,
was altered in both the SF and PJ microcosms, but the direction of
the effect was community specific. Previous work looking at the
effects of virus additions on inorganic N in soils, using a similar
autoclaved (+killed-virus) and non-autoclaved (+virus) experi-
mental design, also found significant impacts of virus addition on
N cycling in some soil microbial communities, but not others [25].
The other component of C cycling that we assessed in our

system was respiration; here we also observed viral impacts.
Generally, microcosm respiration dynamics followed a monotonic
decline that is consistent with a fixed-carbon pools and first-order
growth kinetics [62]. In the early stages, the microbes inoculated
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into the system have lots of space and resources to expand into
and so they experience rapid growth which then levels off, due to
a decline in easily accessible resources and space as the
microcosms reach a carrying capacity. Initially, over the first eight
days post inoculation, respiration was higher in both the +virus
and +killed-virus treatment compared to the control treatment in
both the PJ and SF soil (Fig. 2). This initial high respiration was
likely driven by the OM addition described above. In the PJ
microcosms by day 14, respiration was significantly higher in the
+virus treatment compared to the +killed-virus treatment and

differences between these treatments increased to 30% by day 41
(Fig. 2). By contrast, in the SF microcosms after the initial surge in
respiration in the +virus and +killed-virus compared to the no
added virus treatment, by day 14 respiration in all samples was
similar, and this persisted for the remaining duration of the
experiment (Fig. 2). Our hypothesis was partially supported; in one
microbial community, increasing virus quantity altered respiration,
while in the other microbial community, it did not.
We posit that differences in the abundance and/or diversity of

viruses in the original soils and thus in the viral concentrates may
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have led to these microbial community-specific responses in both
respiration and DOC abundance. In support of this, bulk
metagenomic sequencing data from original soils showed a 10-
fold higher abundance of viral reads in the PJ (0.03%) compared to
the SF (0.003%) soils (Table S1). We expect these initial differences
would propagate to the viral concentrates and thus could impact
magnitude of treatment effects from the viral spike-ins. Further-
more, in the viral-enriched metagenomes from the original soils
many more unique viruses were identified in the PJ (68,329
vOTUs) compared to the SF (6,735 vOTUs) soil and viral diversity
differed across the two soil samples (Table S2). Disentangling the
relative impact of these two aspects, abundance and diversity, of
viruses on ecosystem functioning requires further inquiry. Reliable
viral counts from soil can be difficult to obtain, for example due to

non-specific binding of epifluorescence dyes to soil particles in
addition to viral particles [63], but robust measurements of viral
biomass could add rigor to future studies. Furthermore, given the
high spatial variation observed in viral communities in soils in a
previous study [27], future work is needed to assess the likelihood
of viral impacts on soil C cycling across distinct communities and
soil types to better assess the magnitude of potential ecosystem
scale impacts.

Viral addition impacts bacterial and fungal composition
As we hypothesized, virus additions significantly altered microbial
community composition. We observed significant differences
across treatment groups (no added virus, +virus, +killed-virus)
for bacterial and fungal composition in the PJ and SF microcosms,
respectively (Fig. 3A, Table S3). Specifically, in the +killed-virus
compared to the +virus treatment two OTUs in the bacterial
genus Paenibacillus and one OTU belonging to the fungal species
Fusarium oxysporum significantly increased in relative abundance
in the PJ microcosms, and one Arthrobacter OTU significantly
increased in relative abundance in the SF microcosms (Fig. 3B,
Table S4). Many bacteriophages/mycoviruses are known to be
active against bacterial/fungal strains of the genera Paenibacillus
[64], Arthrobacter [65] and Fusarium [66]. We posit that these taxa
were impacted by predation in the +virus treatment, reducing
their relative abundance. Although mycoviruses are generally
thought to be obligately intracellular and are not known to exist
as free viral particles in soil, very limited data exist on viruses of
soil fungi [67]. In addition, increased viral predation on a few key
taxa may have cascading impacts on overall microbial community
assembly and successional processes during plant litter decom-
position. In terms of their role in the decomposition process, both
bacterial taxa Paenibacillus and Arthrobacter are known for
cellulolytic ability [68, 69], and they and the fungus Fusarium, a
known lignin degrader [70], have been reported as keystone litter
decomposer taxa [71]. Thus, changes in the relative abundance of
these taxa may impact plant litter decomposition.
Many taxa also showed differences in abundance between the

no added virus and the other treatment groups (Fig. S4, Table S4).
This was primarily due to the presence of additional taxa in the no
added virus treatment. Overall, the richness and Shannon diversity
of bacteria and fungi in the +virus and +killed-virus treatments
were reduced compared to the no added virus treatment in both
PJ and SF microcosms (Fig. S5). Nutrient addition including OM
residuals from the viral concentration and extraction from soil may
have contributed to this as nutrient addition often reduces
microbial richness [72]. In the PJ microcosms we saw a trend of
increased bacterial and decreased fungal richness and Shannon
diversity in the +virus compared to the +killed-virus and the
opposite trend in the SF microcosms, but it was not significant in
either case (Fig. S5).

Viral addition alters links between microbial community traits
and ecosystem processes
To test the impact of viral addition on links between the microbial
community and ecosystem processes, we aggregated carbon,
nutrient, and microbial community trait (bacterial and fungal
diversity) metrics across both soil types for each of the three
treatments. This analysis provided additional support of our
hypothesis, where viral addition altered the relationship between
carbon and nutrients and microbial community traits (Fig. 4,
Fig. S6). In our two control treatments, we saw positive
correlations between bacterial and fungal diversity, which were
lost in our +virus treatment. In the +virus treatment, we saw a
negative correlation between DOC and bacterial diversity, which
was not observed in the two control treatments. This is further
evidence that manipulating the viral community has cascading
impacts on microbial community assembly during plant litter
decomposition. Impacts of polymicrobial (e.g. bacterial-fungal-
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virus) interactions on ecosystem functioning has been suggested
in other systems [73, 74]. Furthermore, in our study, it was also
interesting to note that the +virus outcomes were not simply an
additive result of nutrient addition (+killed-virus) and predation.
This is another illustration of how viral impacts on ecosystem
functioning may be context dependent, in this case based on
nutrient availability.

CONCLUSIONS
While previous studies have shown correlations between viral
abundance and carbon compounds [2] and used meta-omics to infer
functional impacts of viruses on C cycling [5, 11, 13, 20, 21, 23, 75, 76],
here we experimentally demonstrated impacts of soil viruses on
carbon cycling by manipulating virus abundance in complex microbial
communities. Our results show that increases in soil virus abundance
can impact carbon and nutrient cycling in terrestrial systems likely by
altering microbial community dynamics. However, the magnitude of
these effects depended on factors such as community composition
and nutrient availability. Future research is needed to delve into virus-
host spatial and temporal dynamics in soils, where the physical
structure may change dynamics compared to a more well-mixed
marine ecosystem.
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