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Soil viruses are abundant and may play a role in arsenic (As) metabolic processes, which pose potential envi-
ronmental risks in paddy field soils. However, little is known about the association of soil viruses with abundant
and rare taxa and their ecological roles in regulating As transformation processes. Herein, we investigated the
influence of soil viruses on bacterial-mediated As transformation and the response of abundant and rare taxa by
inoculating with different soil viral concentrates (suspensions with no-viruses, extracellular free viruses, and
mitomycin-C induced viruses) into sterilized soils containing a gradient of As concentrations. Results showed that
both viral concentrates increased porewater As(III) concentrations, with extracellular free viruses increasing by
26.7 % and 37.1 % relative to treatment without viruses under low and high As conditions, while mitomycin-C
induced viruses increased by 11.6 % and 23.4 %, respectively. Moreover, bacterial-generated As(III) displayed a
significant positive correlation with Fe(II) concentrations even in the presence of viruses. Rare taxa were more
susceptible than abundant taxa to virus inoculation. These changes in bacteria structure led to the enrichment of
some rare functional taxa, especially those associated with potential Fe and As reduction functions. Evidence
from qPCR analysis showed an increase in arsenic (arsC) and iron (FeRB) reduction genes, and these cumulative
relative abundance of enriched rare functional taxa were significantly related to the increased As(III) concen-
trations. Overall, this study provides direct experimental evidence that viruses enrich rare functional taxa to
enhance bacterial-mediated As reduction processes, highlighting a crucial role that viruses play in shaping soil
ecosystem functions.

1. Introduction

Arsenic (As) is a toxic metalloid contaminant widely distributed in
paddy soils. The proportion of rice produced on soils with As concen-
trations above 20 mg kg~ has increased from 13.0 % in 2000 to 17.1 %
in 2020, and is projected to reach 18.3 % by 2040 in China (Zhang et al.,
2024). Under flooded conditions, As is released into porewater through
Fe(II) (hydr)oxides dissolution or arsenate (As(V)) reduction by soil
microbiomes (Zobrist et al., 2000; Roberts et al., 2010). These microbial
processes increase As mobility and facilitate its uptake by rice, thus
threatening food safety and human health (Zhu et al., 2014). While both
biotic and abiotic factors shape the composition of soil microbiomes, our
understanding of biotic influences remains limited.

Viruses are the most abundant and genetically diverse biological
entity in the biosphere with an estimated 4.80 x 103! particles (Cobian
Giiemes et al., 2016). They can control host abundance and shape mi-
crobial community structure by inducing host mortality, and influence
biogeochemical cycles via nutrient release through cell lysis or partici-
pating in host metabolisms with auxiliary metabolic genes (AMGs)
(Jansson and Wu, 2023). To date, the potential role of viruses in carbon
(Jin et al., 2019; Lee et al., 2021), phosphate (Goldsmith et al., 2015),
and sulfur metabolism (Roux et al., 2016; Kieft et al., 2021) has been
proposed in marine and soil ecosystems. Currently, virus-host in-
teractions in metal-contaminated soil environments have garnered
substantial interest owing to toxicity and food safety concerns.

Viral populations in As-contaminated soils exhibit the ability to
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confer their hosts with As resistance and detoxification (Sun et al., 2023;
Huang et al., 2024). Genes involved in As resistance and metabolism,
such as As(III)-responsive trans-acting repressor proteins (arsR), As(IIl)
responsive transcriptional repressors (arsD), cytoplasmic arsenate re-
ductases (arsC), and As(Ill) S-adenosylmethionine methyltransferases
(arsM), have been detected in soil viromes, and the abundance of these
genes in viruses increases with the As contamination level (Gao et al.,
2023; Tang et al., 2023). Moreover, the introduction of prophages from
arsenic-resistant bacteria carrying the arsC and arsM genes into
arsenic-contaminated soil increased the abundance of arsC and arsM by
122- and 457-fold compared to soil without phage treatment, respec-
tively (Tang et al., 2019). These results suggest soil viruses may facilitate
the propagation of these genes during subsequent lysogenic infection
stages, thereby assisting their hosts in adapting to As stress and
contributing to As biotransformation processes.

Virus-host interactions and microbial-mediated ecological processes
depend on their life strategies (lytic and lysogenic replication), which
can be explained by two theories: kill-the-winner (KtW) and piggyback-
the-winner (PtW) (Pratama and van Elsas, 2018). The “KtW” theory
posits that the dominant bacteria are easily infected and lysed by viruses
(Breitbart, 2012). In contrast, the “PtW” theory proposes that lysogenic
infection is favored at high host densities as viruses exploit their hosts
through lysogeny rather than killing them (Knowles et al., 2016). A
recent study found a higher proportion of lysogeny under
low-contamination conditions, where lysogenic viruses that aid host
survival were more likely to be selected and maintained, supporting the
“PtW” hypothesis (Xia et al., 2023). Although previous consensus in-
dicates that viruses predominantly affect abundant taxa, rare taxa may
also play critical roles in contaminated soil ecosystems, as they represent
the bulk of bacterial diversity (Bouvier and Del Giorgio, 2007). Given
these virus-host collaborations, we hypothesize that viruses are more
likely to impact abundant than rare taxa due to their higher density and
greater accessibility to viral infection. However, further studies are
needed to examine how viruses interact with both abundant and rare
taxa, as this is crucial for understanding the roles of viruses in
metal-contaminated environments.

In this study, native soil concentrates of viruses were individually
collected by filtration using a tangential flow filtration system (TFF) and
induction from bacteria suspension with mitomycin-C (MC) solution.
These viruses were then combined with the bacteria community by
reinoculation into three sterilized As-contaminated soils (Control: no As
addition, Low: 60 mg kg™!, and High: 200 mg kg 1) to allow for viruses
to recolonize. We aimed to (1) determine which bacterial-mediated As
transformation processes were affected by soil viruses, and (2) reveal
how viruses effect on As biotransformation processes through in-
teractions with either rare or abundant taxa under flooded soil
conditions.

2. Materials and methods
2.1. Soil sampling and experimental soil preparation

Paddy soils were collected in March 2022 from a paddy field located
in Jiaxing, Zhejiang, China (30° 50’ N, 120° 43’ E). Topsoil samples
(0—20 cm) were randomly collected from 5 sampling points within the
field and mixed to form a composite sample, then immediately trans-
ported to the laboratory on ice. Before experimental operations, soil
samples were sieved through a 2-mm sieve (alcohol sterilized) and
divided into two subsamples after removing plant residues. One sub-
sample was stored at 4 °C for virus and bacteria extraction, while the
other subsample was used to prepare the As-contaminated soils for
subsequent incubations. The basic soil physicochemical properties in
this study were described previously (Shen et al., 2022) and summarized
as follows: pH: 6.76, organic C: 54.4 g kg%, total N: 2.1 g kg ! and total
As concentration: 16.9 mg kg ™!, which was below the threshold estab-
lished for As-contaminated soil (Zhao et al., 2015).
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To prepare the experimental soils, NagHAsO4-7H50 solution was
added to the soil to achieve final total As concentrations of 60 (Low) and
200 (High) mg kg™!, while the unamended soil was designated as the
control (CK). Soil moisture was adjusted to 60 % of field capacity and
allowed to equilibrate for 1 month at room temperature (25 °C). Finally,
the soils were air-dried and sterilized with 100 kGy y-radiation for 24 h
(Wei et al., 2021). To assess sterilization effectiveness, soil samples were
diluted for plate counts to compare microbial populations before and
after sterilization. Specifically, 0.5 g of soil samples were 10-fold diluted
with sterile water, and the suspensions were plated onto tryptic soy
broth agar and potato-dextrose agar media (Chen et al., 2017; Yan et al.,
2017). No microbial growth was observed on agar plates associated with
sterilized soils during the 7-day incubation period.

2.2. Preparation of native soil viral and bacterial suspensions

To prepare different soil virus treatments, the soil suspension was
subjected to filtration by TFF (Braga et al., 2020; Tong et al., 2023) and
MC induction assays (Liang et al., 2020; Tang et al., 2023). Specifically,
the collected soil (5 kg) was washed with 5 L sterile saline magnesium
buffer (SM; 5.8 g NaCl, 2 g MgSOy4, 50 mL Tris-HCI, pH 7.5) on a vortex
at the maximum speed for 3 min and shaking for 2 h (4 °C, 250 rpm),
before centrifuging the slurry at 4 °C for 20 min (2500 x g) (Tong et al.,
2023). The supernatant was then passed through a 2-pm cellulose ace-
tate filter before sequential filtering and concentrating using the TFF
system (Cogent pScale, Merck, USA) with pore sizes of 0.22 pm and 100
kDa. The obtained retentates (>0.22 pm) were used as the bacteria
community (BC), and the concentrated filtrates (100 kDa-0.22 pm) were
used as extracellular free virus suspension (V1) and no-virus suspension
(<100 kDa, SM buffer) (Braga et al., 2020; Tong et al., 2023). Finally,
750 mL of bacteria suspension (BC), 250 mL of extracellular free virus
suspension (V1) and 4000 mL of no-virus suspension (SM) were
collected for the following procedures.

Mitomycin-C (MC) is widely used in prophage induction assays
(Williamson et al., 2007). Before the induction experiment, sterile
water-soluble organic carbon (WSOC) solutions were prepared to supply
carbon, energy and other nutrient resources essential for supporting
viral production during prophage induction processes (Liang et al.,
2020; Tang et al., 2023). Briefly, the collected soil was suspended in
sterile deionized water and homogenized by vortexing at maximum
speed for 3 min. Then, the soil slurry was centrifuged at 5000 x g for 20
min, and the supernatant was filtered through a 0.02 pm PVDF filter and
autoclaved. Subsequently, 150 mL of the previously bacteria suspension
(BC) was mixed with the prepared sterile WSOC and MC solutions (1 pg
mL ! final concentration) in a sterile 500 mL flask, while another was
prepared without MC. The mixture was incubated with shaking at 200
rpm for 24 h in the dark (room temperature) (Liang et al., 2020), and the
MC-induced viruses were collected after passing through a 0.22 pm
sterile filter (Thermo Scientific). After filtering, we further used Amicon
Ultra filters (Millipore) to concentrate and collect the MC-induced vi-
ruses (V2) (Albright et al., 2022). Finally, 250 mL of extracellular free
virus suspension (V1), 50 mL of MC-induced viral concentrate (V2) and
450 mL of bacteria suspension (BC) were stored at 4 °C before inocu-
lating microbial suspensions into different microcosms within 24 h
(Braga et al., 2020).

To ensure the presence and purity of each microbial community
before inoculation, both viral and bacterial suspensions were verified
and enumerated with epifluorescence microscopy (EFM) (See supple-
mentary materials for detailed methodology). In this study, the virus
abundance of V1 was 6.5 x 107 VLPs g~ soil (Fig. S1A), while V2
exhibited a concentration of 1.5 x 10% VLPs g’1 soil (Fig. S1C). These
concentrations were representative of indigenous virus concentrations
found in soils, which typically ranged from 10° to 10° VLPs g~ soil
(Williamson et al., 2017). Moreover, the abundance of bacteria in our
experiments reached up to 2.7 x 108 cells g7! soil (Fig. S1B).
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2.3. Microcosm experimental design

To simulate the abundance of native virus and bacteria communities
in the paddy soil environment, the microcosms were separately incu-
bated with 1 mL viral suspensions (no-virus SM, V1 or V2) and 3 mL
bacterial suspensions (at a ratio of 1:3 by volume, virus: bacteria) added
to the sterile bottles containing 20 g of dry sterilized soil. The resulting
four treatments were as follows: (1) 4 mL SM buffer, abiotic control
(SM); (2) 1 mL SM buffer + 3 mL bacterial suspension, biotic treatment
(BQC); (3) 1 mL extracellular free virus suspension (V1) + 3 mL bacterial
suspension, biotic treatment (V1BC); and (4) 1 mL MC-induced virus
concentrate (V2) + 3 mL bacterial suspension, biotic treatment (V2BC)
(Fig. S2). For each treatment, a homogenized inoculum was first pre-
pared by adding viral and bacterial extracts, and then sterile water was
added to simulate field flooding (2 cm above the soil surface). Finally, all
bottles were sealed with a sterilized gas permeable sealing membrane
that allowed the surface of the flooded water to contact atmospheric air
during incubation. Each treatment was performed in triplicate resulting
in a total of 180 individual microcosms (3 replicates x 3 arsenic levels x
4 treatments x 5 time points). All microcosms were incubated in a
controlled environment room at 25 °C in the dark. Soil samples and
porewater were collected on day 0, 3, 7, 14 and 30. Each soil sample was
stored at —80 °C for DNA extraction and functional gene analysis. Soil
porewater was collected to quantify total As, As species and Fe(II)
concentrations.

2.4. Chemical analysis

Soil pH and Eh were determined using standard probes/meters.
Porewater was collected by centrifugation at 3100 x g for 8 min and
mixed with 6 M HCI to prevent Fe oxidation (Tang et al., 2021).
Fe(Il) concentrations were measured using the phenanthroline
-spectrophotometric method (Fadrus and Maly, 1975). Total As con-
centrations of porewater were determined by ICP-MS (NEXION300XX)
(Tang et al., 2021). As species were measured by HPLC-ICP-MS (Perki-
nElmer Series 200 HPLC and NEXION300XX, ICP-MS) after chromato-
graphic separation with 20 mM NH4H,PO,4 (pH 6.5) as the mobile phase.
Standard curves were constructed (5, 10, 20, 50, 100 and 200 pg L™ for
As(III), As(V), dimethylarsinic acid (DMAs(V)), and monomethyl arsenic
acid (MMAs(V)), respectively (Shi et al., 2020).

The contributions of bacterial-mediated As(III)/Fe(II) accumulation
(AB-As(IlI)/Fe(II)) and the contribution of virus-mediated As(III)
accumulation (/\enriched As(III)) at experimental time points were
calculated as:

AB-As(IIT)/Fe(Il)=As/Fe -Assy/ Fesy
/\enriched As(Il) = Asy - Aspc

Where As/Fe are the As(III)/Fe(I) concentrations in the three biotic
treatments (BC, V1BC, and V2BC) at each time point, Asgy/Fegy are the
As(III)/Fe(II) concentrations in the abiotic treatments (SM) at each time
point, Asy is the As concentration in viral treatments (V1BC and V2BC)
at each time point, and Aspc is the As concentration in the bacterial
treatment (BC) at each time point.

2.5. DNA extraction, gPCR and sequencing

Soil DNA was extracted using the Fast DNA SPIN Kit for soil (QBIO
Gene, USA) following the manufacturer’s instructions. The final
extracted DNA volume was adjusted to 80 pL and divided into two
subsamples for subsequent quantitative polymerase chain reaction
(qPCR) and MiSeq (Illumina) sequencing. Functional genes were quan-
tified using qPCR (LightCycler 480II; Roche, Switzerland). 16S rRNA
gene for total bacteria, As reduction gene (arsC), and iron reduction gene
(FeRB) were selected for analysis. Detailed information concerning the
primers and amplification procedures was provided in Supplementary
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Table S1. Plasmids containing the target genes were used as standards to
calculate gene copy numbers; standard curves were constructed from
10-fold serial dilutions (1.69 x 10'° to 1.69 x 102 copies pL ! for arsC
gene, 1.70 x 10'% to 1.70 x 10° copies pL~* for 165 rRNA gene and 1.75
x 101%t01.75 x 10° copies pL_l for FeRB gene). Negative controls were
prepared for each assay using sterilized H»O.

For sequencing, the bacterial V3-V4 region of the 16S rRNA gene
was amplified with primers 341F and 806R, which were labeled with
unique barcodes to enable the discrimination of different samples during
sequencing (Thijs et al., 2017). Each sample was amplified in triplicate.
After verification and purification, the samples were pooled together
and prepared for sequencing, which was performed on an Illumina
MiSeq platform (2 x 300 bp) at Novogene Bioinformatics Technology
(Beijing, China). Raw sequences were processed using the Quantitative
Insight into Microbial Ecology (QIIME 2, v2020.2) pipeline (http
s://view.qiime2.org). Briefly, the reads were quality controlled,
chimera filtered and denoised based on DADA2 to generate amplicon
sequence variants (ASVs) (Callahan et al., 2016). The bacteria taxonomy
of ASVs was assigned using the naive Bayes classifier in QIIME2 and
SILVA 132 database (http://www.arb-silva.de/download/archive/qii
me/). Overall, we obtained a total of 7,090,858 high-quality se-
quences (average = 53,718; range = 43,498-65,354). Finally, all sam-
ples were rarefied to 42,000 sequences for further analysis. The original
sequence data were deposited into the National Center for Biotech-
nology Information Sequence Read Archive database under project ID
PRJNA985387.

2.6. Statistical analysis

Bacteria taxa were classified into abundant (AT) and rare (RT) taxa
according to the method described by Jiao et al. (2020). Thresholds for
the relative abundance of ASVs were <0.01 % for “RT” and >0.1 % for
“AT”, while the remainder were considered as “intermediate” ASVs
(MT). Since our main objective was to focus on the abundant and rare
taxa, we did not further consider the “intermediate” taxa. Species rich-
ness of the bacterial community was assessed with the Chaol index
using the “vegan” packages (Xu et al., 2022). A difference analysis was
performed to determine sensitive taxa (p < 0.05) using the “DESeq2”
package (version 1.31.13) and visualized using a volcano plot (Yang
et al., 2023).

Co-occurrence networks were built with Pearson’s correlation (r)
greater than 0.7 and p < 0.05 (Jiang et al., 2023). Each node represented
an individual ASV, and each edge denoted the pairwise correlation be-
tween nodes. Multiple topological properties (i.e., nodes, edges and
average degree) were calculated and visualized using the igraph package
(Fan et al., 2021). Random forest-based models were used to identify key
microbial predictors for porewater As(III) concentrations enriched by
virus inoculation, and they were ranked in the order of feature impor-
tance and visualized by percentage increases in the MSE (mean squared
error); higher MSE% values indicate more important features (Jiao et al.,
2018). All statistically significant differences, such as the concentrations
of total As, As species, Fe(Il), functional gene abundance and species
richness, were determined by one-way analysis of variance (ANOVA)
with Tukey’s post-Hoc test in SPSS 19.0.

3. Results
3.1. Changes of porewater As concentrations with virus inoculation

Soil pH increased, while Eh decreased over the 30 day incubation
period (Fig. S3). Porewater total As concentrations were significantly
higher in biotic treatments (BC, V1BC, and V2BC) than in the abiotic
treatment (SM) (Fig. S4, p < 0.05). Three As species (i.e., As(V), As(III),
and DMA) were detected in porewater, with As(III) being the predomi-
nant fraction from day 7-30 (Fig. 1A and B). As(IIl) concentrations in
V2BC were lower than BC under low As conditions from day 3-7
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Fig. 1. As transformations in soil porewater with or without soil virus inoculation under flooded conditions. The proportion of As species (A and B), As(III) con-
centrations (C and D), and AB-As(III) concentrations (E and F) in low and high As-contaminated soils. Arsenic species: As(IIl), arsenite; As(V), arsenate; DMA,
dimethylarsinic acid. AB-As(III) represents bacteria-mediated As(III) concentrations, which are calculated by subtracting As(III) concentrations in the abiotic
treatment (SM) from each of the three biotic treatments, respectively. Error bars represent standard deviations of three replications. SM, only SM buffer (abiotic); BC,
SM buffer and bacteria (biotic); V1BC, bacteria and V1 virus filtrate (biotic); V2BC, bacteria and V2 virus filtrate (biotic). Low and High refer to total As concen-

trations of 60 and 200 mg kg ™! soil, respectively.

(Fig. 1C, Fig. S5A, p < 0.05), whereas As(III) concentrations in V1BC and
V2BC were both lower under high As conditions (Fig. 1D, Fig. S5B,p <
0.05). From day 14-30, As(III) concentrations in VIBC and V2BC
exceeded those of BC under high As condition (Fig. 1 D, Fig. S5B), while
only V1BC was higher than BC under low As condition (Fig. 1 C,
Fig. S5A, p < 0.05). Moreover, As(III) concentrations in V1BC were
higher than that in V2BC under high As condition on day 30 (Fig. 1D,
Fig. S5B, p < 0.05).

The /AAB-As(III) concentration patterns (Fig. 1E and F) resembled the
changes in As(III) concentration (Fig. 1C and D). In the low As condition,
/\B-As(IIT) was highest on day 14 and treatments followed: V2BC (2042
+ 67 pg L™1 > VIBC (1630 + 53 pg L™ > BC (1175 + 79 pg L™H)
(Fig. 1E, Fig. S6A, p < 0.05). Under the high As condition, a similar trend
was observed, but with much higher values: V1BC (9743 + 669 pg L™1)
> V2BC (9081 + 375 pg L™!) > BC (6669 + 142 pg L™Y) (Fig. 1F,
Fig. S6B, p < 0.05). Compared with BC on day 30, V1 virus increased As
(III) concentrations by 26.7 % and 37.1 % relative to treatment without
viruses under low and high As conditions, whereas V2 virus increased As
(III) concentrations by 11.6 % and 23.4 %, respectively (Fig. S6).

3.2. Porewater Fe(II) concentrations and relationships with As(III)

Porewater Fe(Il) concentrations were higher in biotic treatments
(BC, V1BC, and V2BC) than in the abiotic treatment (SM) (Fig. 2,
Fig. S7). Maximum Fe(II) concentrations were observed on day 14 for
V2BC (13.2 + 0.5 mg L™1) in CK soil (Fig. 2A, Fig. S7A), VIBC (10.3 +
0.5mg L) under low As condition (Fig. 2B, Fig. S7B) and V1BC (8.0 +
0.4 mg L™Y) under high As condition (Fig. 2C, Fig. S7C, p < 0.05).
Positive correlations between /\B-Fe(II) and /A B-As(III) were observed
under both low and high As conditions for V1BC and V2BC treatments
(Fig. 2E and F, p < 0.001).

3.3. Virus inoculation effects on abundant (AT) and rare (RT) bacteria
subcommunities

A total of 33,138 and 126 ASVs were identified as RT and AT,
respectively (Fig. S8C). Only RT showed significant differences in Chaol
index, with V2BC increasing the index more than BC in both CK and low
As-contaminated soils (Fig. S9C, p < 0.05). Virus inoculation also
affected the relative abundance of the phyla in RT (Fig. S10B). Under As
stress, the number of nodes (N) in co-occurrence networks increased for
V1BC and V2BC, while the average degree (D) decreased compared to
BC (Fig. 3A). The proportion of positive links in the networks increased
under both low and high As-contaminated soils compared to CK
(Fig. 3B). Among the co-occurrence networks, the proportion of nodes
for RT increased in the low and high As-contaminated networks,
particularly in the V1BC and V2BC treatments (Fig. 3C).

RT showed greater susceptibility to virus inoculation compared to
AT (Fig. 4A). The most significantly enriched or depleted taxa in V1BC
versus BC and V2BC versus BC belonged to RT. Among the total differ-
ential species for all treatments, the proportions of RT were higher under
low and high As stress than CK (Fig. 4B). Specifically, the proportions of
RT were 92.3 % (CK), 97.2 % (Low) and 96.6 % (High) for V1BC, versus
72.9 % (CK), 94.1 % (Low) and 92.3 % (High) for V2BC. Additionally,
the cumulative relative abundance of RT in the V1BC and V2BC treat-
ments showed a positive correlation with AB-As(III) under low and
high As conditions (Fig. 5, p < 0.05).

3.4. Functional profiles for enriched rare taxa with virus inoculation

Virus inoculation increased the abundance of bacteria (Fig. S11) and
arsC (Fig. 6A and B) and FeRB genes (Fig. 6C and D). Compared to
previously published research, most enriched rare taxa were associated
with potential Fe and As reduction functions (Table S2, Fig. S12).
Moreover, Fe reduction taxa were positively correlated with Aenriched
As(III) for V1BC (Fig. 6E, p < 0.05), while the As reduction taxa were
positively correlated with Aenriched As(IIl) for V2BC (Fig. 6F, p <
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0.01).

Enriched rare functional taxa in V1BC and V2BC mainly belong to
the phyla Acidobacteria, Actinobacteria, Bacteroidetes, Proteobacteria and
Firmicutes (Fig. 6G and H). Random forest analysis revealed that the key
microbial predictor for As reduction was Geobacter in the V1BC treat-
ment (Fig. 6G), whereas Micromonospora was the principal genus
contributing to As reduction in the V2BC treatment (Fig. 6H).

4. Discussion
4.1. Soil viruses increased porewater As(III) and Fe(Il) concentrations

Previous studies revealed the presence of genes associated with As
uptake, reduction and methylation in the virus genomes, as well as
complex virus-host linkages, implying the potential involvement of vi-
ruses in As biogeochemical processes (Gao et al., 2023; Tang et al., 2023;
Yu et al., 2023). The results of this study provide direct experimental
evidence that soil viruses enhance bacterial-mediated As reduction
processes (Fig. 1). The increments of bacterial-generated As(III) con-
centrations were positively associated with Fe(II) concentrations
(Fig. 2), implying that the accumulation of As(III) in porewater occurred
in association with the microbial reductive dissolution of Fe(III), even in
the presence of the viruses. Many studies report that microbial-mediated
Fe(III) reduction can increase porewater As(III) concentrations in floo-
ded soils (Weber et al., 2010; Ohtsuka et al., 2013). This follows from
iron minerals being the primary solid-phase component responsible for

adsorbing arsenic in soils, wherein microbial-mediated reductive
dissolution of iron (hydr)oxides leads to the release of sorbed As to
porewaters (Zobrist et al., 2000). Thus, the virus-mediated changes of
porewater As concentrations are explained, in part, by their regulation
of As-Fe reduction interactions.

Viruses impact nearly all organisms on Earth, encompassing not only
microbial communities but also their associated biogeochemical pro-
cesses (Jansson and Wu, 2023). In the V1BC treatment, the higher As(III)
concentrations may be due to bacterial mortality caused by viral lysing,
as lytic viruses appeared to constitute a “majority” of the extracellular
free virus suspensions. The substrates released from the lysed cells may
further boost the growth of existing bacteria that participate in As
reduction processes (Shiah et al., 2022; Tong et al., 2023), which is
supported by the increased arsenic-related functional genes in the V1BC
treatment (Fig. 6A-D). Furthermore, prior research has demonstrated
that similar treatments with viral filtrates significantly accelerated the
mineralization of dissolved organic matter, highlighting the potential
influence of virus-mediated host predation on microbial functions
(Wang et al., 2022).

The higher As(III) concentrations observed in the MC-induced virus
suspension (V2BC) may be attributed to the abundance of prophages
(Wang et al., 2025). Prophages serve as mediators for gene transfer
among various bacterial hosts, conferring arsenic biotransformation
capabilities to their hosts (Canchaya et al., 2003). Given the widespread
existence of the arsC gene, the conversion of As(V) to As(IIl) and its
subsequent expulsion is an efficient mechanism employed by native soil
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microorganisms to cope with arsenic stress. Therefore, viruses in the
V2BC treatment likely facilitate arsC gene transfer to enhance host
survival (Tang et al., 2021). Previous studies have also demonstrated
that MC-induced viruses carry arsC genes, leading to an increased
abundance of this gene and consequently elevated As(II) concentrations
in soils (Tang et al., 2019). This finding aligns with our observations of
increased arsC (Fig. 6A and B) in the MC-induced treatment. Thus,
MC-induced prophages retained their lysogenic functions and may have
acquired arsenic resistance genes. This facilitates the transduction of
these genes among bacteria, promoting As reduction. Collectively, this
evidence underscores the multifaceted role of viruses in influencing
biogeochemical processes in arsenic-contaminated soils.

4.2. Greater susceptibility of rare taxa to virus inoculation than abundant
taxa

Both AT and RT play crucial roles in the overall functioning and
dynamics of soil microbial communities (Jiao and Lu, 2020; Xu et al.,
2022), with AT contributing significantly to soil microbial biomass, and
RT being essential for microbial diversity, functional redundancy, niche
specialization, and adaptability (Pedros-Alio, 2012; Lynch and Neufeld,
2015; Jousset et al., 2017). Previous studies reported that RT displayed
narrow niche breadths and higher sensitivity to environmental pertur-
bations than AT, such as changes in soil pH and heavy metal contents
(Jiao and Lu, 2020; Dong et al., 2021; Xu et al., 2021).

Our results showed that RT were more susceptible to the virus
addition than AT in As contaminated soils, which was contrary to our
hypothesis that virus addition would mainly affect the AT. We found the
percentages of nodes belonging to RT within the networks were elevated
after virus inoculation (Fig. 3), and RT were more sensitive to virus
inoculation under both low and high As conditions (Fig. 4). Moreover,
the cumulative abundance of RT in the V1BC and V2BC treatments were
positively related to porewater AB-As(III) concentrations (Fig. 5),
providing evidence that RT potentially contributed to As reduction.
Under flooding conditions, RT may play a more active role due to their
hardiness and continuous regrowth. This enables the RT with a promi-
nent metabolic potential under appropriate conditions (Ye et al., 2023).
Accordingly, we postulate that the RT were the initiators of changes in
bacterial community structure and function in soils after virus
inoculation.

Bacterial population dynamics are shaped by viruses via different

models. One viral mediation strategy on bacteria communities is the
density-dependent theory “KtW”, which posits that abundant bacteria as
winners are easily preyed upon by viruses owing to higher probability of
encountering the host. Thus, low abundance is an advantage against
predators (Lynch and Neufeld, 2015). We found contrasting results with
RT being more sensitive than AT. This occurred because the most
significantly enriched or depleted taxa all belonged to RT, especially in
As-contaminated soils (Fig. 4A). Likewise, previous studies revealed that
viruses appeared to reproduce by infecting rare but susceptible taxa
(Middelboe et al., 2001; Bouvier and Del Giorgio, 2007).

We believe that the preferential impacts on RT in the V1BC treatment
are likely consistent with the “KtW” hypothesis. The vulnerability of
hosts to infection is not only determined by their population density but
also by other host characteristics, such as higher competition for re-
sources, higher growth rates and resistance to environmental stress
(Bouvier and Del Giorgio, 2007). That is to say that RT may emerge as
“dominant taxa” that are the winners in resource competition or have
higher activity in flooded and/or contaminated environments (Hennes
et al., 1995; Winter et al.,, 2005; Bouvier and Del Giorgio, 2007).
Therefore, the RT influenced by extracellular free viruses may exhibit
higher activity when compared to AT under As stress, making them the
“winners” within bacterial communities, but they are also vulnerable
targets for the free viruses.

Our findings also provide novel insight into the “PtW” theory. Most
viewpoints about “PtW” posit that lysogenic infection is the pathway by
which prophage is integrated into the genomes of hosts (Howard-Varona
et al., 2017; Pratama and van Elsas, 2018; Jansson and Wu, 2023),
whereby they tend to infect high abundance “winners” (Xia et al., 2023;
Wang et al., 2024). Notably, more RT were found in the MC-induced
viruses (V2BC) when exposed As stress (Fig. 4B), indicating microbial
abundance is not the sole criterion for infection. Therefore, although RT
display low abundance, they might be more susceptible than AT when
viruses are present.

The significant response of RT to virus addition may also be related
to the virial particles themselves, as viral particles can serve as a crucial
nutritional source for soil microbial communities, particularly supplying
essential elements such as carbon and phosphorus (Cobian Giiemes
et al., 2016). These nutrients are potentially utilized by RT in soils,
potentially leading to reshaping of the soil microbial community struc-
tures and alterations in their As reduction capabilities. Therefore, the
underlying mechanisms governing how RT respond to the addition of
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Fig. 6. Functional gene abundance and the association between A enriched As(III) and the enriched rare taxa following with virus inoculation. (A) and (B) Absolute
abundance of arsenic reduction gene (arsC), and (C) and (D) iron reduction (FeRB) function gene with or without virus inoculation in low and high As-contaminated
soils. (E) and (F) Linear regression analysis between A enriched As(IIl) and cumulative relative abundance of enriched rare functional taxa having potential arsenic
and iron reduction functions for different virus inoculation treatments in low and high As-contaminated soils. A enriched As(III) represents the increase in As(III)
concentrations due to virus inoculation, which was calculated by subtracting concentrations in no-virus treatments from the active virus treatments. (G) and (H)
Phylogenetic trees and random forest analyses of the enriched rare taxa. The affiliation of ASVs at the phylum level is indicated by different colors on the internal
ring. The Fe and As types refer to rare functional taxa with potential Fe and As reduction functions, respectively. The random forest analyses were bacteria predictors
of enriched rare genus for increased As(III) concentrations. BC, SM buffer and bacteria (biotic); V1BC, bacteria and V1 virus filtrate (biotic); V2BC, bacteria and V2
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figure legend, the reader is referred to the Web version of this article.)
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soil viruses, including alterations to biological and abiotic soil factors,
require additional direct evidence to deepen our understanding of these
complex interacting processes.

4.3. Soil viruses enriched rare functional taxa to enhance as reduction

Rare taxa often present a diversity of microorganisms with high-
stress tolerance and the capacity to degrade recalcitrant compounds
(Gao et al., 2021). For the extracellular free viruses (V1BC), the cumu-
lative abundance of enriched RT, which possess potential Fe reduction
functions, was significantly related to porewater As(III) concentrations
(Fig. 6E). However, the MC-induced viruses (V2BC) mainly led to the
enrichment of RT with potential As reduction functions, and their
abundance was significantly related to porewater As(III) concentrations
(Fig. 6F). In particular, we found both extracellular free viruses and
MC-induced viruses could increase the abundance of arsC and FeRB
genes under both low and high As conditions (Fig. 6A-D). This suggests
that viruses can interact with different rare functional taxa to influence
porewater As(III) concentrations. In particular, the genus Geobacter
(Fig. 6G) and Micromonospora (Fig. 6H) were the most prominent taxa
responsible for the increased porewater As(III) concentrations in extra-
cellular free viruses (V1BC) and MC-induced viruses (V2BC), respec-
tively. It has been reported that Geobacter can induce the reductive
dissolution of Fe(Ill) (hydr)oxides (Islam et al., 2005), while Micro-
monospora possess arsenate reductase (arsC genes) and/or an arsenite
efflux pump (arsB genes) (Corsini et al., 2010). Collectively, these
findings demonstrate that the extracellular free viruses and MC-induced
viruses tend to interact with rare functional taxa associated with po-
tential Fe reduction and As reduction, respectively, to mediate pore-
water As concentrations.

Although viruses can influence the As reduction process through
interactions with RT, we are unable to unambiguously describe virus-
host collaborations due to the lack of genomic information for the two
types of viruses. Future studies will address specific information on
virus-host collaborations, using techniques such as stable isotope prob-
ing (SIP) combined with viral metagenomics, to assess active virus
populations and unlock this vast virus biorepository.

5. Conclusion

Our results indicated that soil viruses increased bacterial-mediated
As reduction processes under flooded soil conditions. The increments
of increased porewater As(IIl) concentration were the result of virus-
influenced, bacterial-mediated As-Fe interactions. These processes
were primarily due to the response of rare taxa to virus inoculation
under As stress. Moreover, soil viruses enriched rare taxa associated
with As reduction, allowing them to directly participate in As trans-
formation, as well as enriched rare taxa related to Fe reduction that are
indirectly involved in As transformations through Fe reductive dissolu-
tion. To our knowledge, this is the first study to directly demonstrate the
influence of soil viruses on As transformation through enriching
different functional rare taxa. These findings enhance our understanding
of the role viruses play in soil ecological interactions and As biogeo-
chemical cycling. This knowledge has important implications for
ecological conservation, remediation of As-contaminated soils and the
development of sustainable agricultural practices in arsenic-
contaminated soil environments.

CRediT authorship contribution statement

Youjing Wang: Writing — review & editing, Writing — original draft,
Visualization, Methodology, Investigation, Data curation. Di Tong:
Methodology. Haodan Yu: Methodology. Xueling Yang: Methodology.
Xinwei Song: Methodology. Randy A. Dahlgren: Writing — review &
editing. Jianming Xu: Writing — review & editing, Writing — original
draft, Supervision, Data curation.

Soil Biology and Biochemistry 205 (2025) 109783
Data availability

The original sequence data were deposited into the National Center
for Biotechnology Information Sequence Read Archive database under
project ID PRJNA985387.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This study was supported by the National Natural Science Founda-
tion of China (42330711, 41991334), 111 Project (B17039) and China
Agriculture Research System (CARS-01).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.s0ilbio.2025.109783.

References

Albright, M.B.N., Gallegos-Graves, L.V., Feeser, K.L., Montoya, K., Emerson, J.B.,
Shakya, M., Dunbar, J., 2022. Experimental evidence for the impact of soil viruses on
carbon cycling during surface plant litter decomposition. ISME Communications 2
(1), 24. https://doi.org/10.1038/543705-022-00109-4.

Bouvier, T., Del Giorgio, P.A., 2007. Key role of selective viral-induced mortality in
determining marine bacterial community composition. Environmental Microbiology
9 (2), 287-297. https://doi.org/10.1111/j.1462-2920.2006.01137.x.

Braga, L.P.P., Spor, A., Kot, W., Breuil, M.C., Hansen, L.H., Setubal, J.C., Philippot, L.,
2020. Impact of phages on soil bacterial communities and nitrogen availability
under different assembly scenarios. Microbiome 8, 1-14. https://doi.org/10.1186/
s40168-020-00822-z.

Breitbart, M., 2012. Marine viruses: truth or dare. Annual Review of Marine Science 4
(1), 425-448. https://doi.org/10.1146/annurev-marine-120709-142805.

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., Holmes, S.P.,
2016. DADAZ2: high-resolution sample inference from Illumina amplicon data.
Nature Methods 13 (7), 581-583. https://doi.org/10.1038/nmeth.3869.

Canchaya, C., Fournous, G., Chibani-Chennoufi, S., Dillmann, M.L., Briissow, H., 2003.
Phage as agents of lateral gene transfer. Current Opinion in Microbiology 6 (4),
417-424. https://doi.org/10.1016/S1369-5274(03)00086-9.

Chen, Q.L., An, X.L., Li, H., Zhu, Y.G., Su, J.Q., Cui, L., 2017. Do manure-borne or
indigenous soil microorganisms influence the spread of antibiotic resistance genes in
manured soil? Soil Biology and Biochemistry 114, 229-237. https://doi.org/
10.1016/j.s0ilbio.2017.07.022.

Cobian Giiemes, A.G., Youle, M., Cantd, V.A., Felts, B., Nulton, J., Rohwer, F., 2016.
Viruses as winners in the game of life. Annual Review of Virology 3 (1), 197-214.
https://doi.org/10.1146/annurev-virology-100114-054952.

Corsini, A., Cavalca, L., Crippa, L., Zaccheo, P., Andreoni, V., 2010. Impact of glucose on
microbial community of a soil containing pyrite cinders: role of bacteria in arsenic
mobilization under submerged condition. Soil Biology and Biochemistry 42 (5),
699-707. https://doi.org/10.1016/j.s0ilbio.2009.12.010.

Dong, Y., Wu, S., Deng, Y., Wang, S., Fan, H., Li, X., Bai, Z., Zhuang, X., 2021. Distinct
functions and assembly mechanisms of soil abundant and rare bacterial taxa under
increasing pyrene stresses. Frontiers in Microbiology 12, 689762. https://doi.org/
10.3389/fmicb.2021.689762.

Fadrus, H., Maly, J., 1975. Suppression of iron(III) interference in the determination of
iron(Il) in water by the 1,10-phenanthroline method. Analyst 100 (1193), 549-554.
https://doi.org/10.1039/AN9750000549.

Fan, L., Schneider, D., Dippold, M.A., Poehlein, A., Wu, W., Gui, H., Ge, T., Wu, J.,
Thiel, V., Kuzyakov, Y., Dorodnikov, M., 2021. Active metabolic pathways of
anaerobic methane oxidation in paddy soils. Soil Biology and Biochemistry 156,
108215. https://doi.org/10.1016/j.s0ilbio.2021.108215.

Gao, R., Ma, B., Hu, M., Fang, L., Chen, G., Zhang, W., Wang, Y., Song, X., Li, F., 2023.
Ecological drivers and potential functions of viral communities in flooded arsenic-
contaminated paddy soils. Science of the Total Environment 872, 162289. https://
doi.org/10.1016/j.scitotenv.2023.162289.

Gao, Y.X,, Li, X., Zhao, J.R., Zhang, Z.X., Fan, X.Y., 2021. Response of microbial
communities based on full-scale classification and antibiotic resistance genes to
azithromycin and copper combined pollution in activated sludge nitrification
laboratory mesocosms at low temperature. Bioresource Technology 341, 125859.
https://doi.org/10.1016/j.biortech.2021.125859.

Goldsmith, D.B., Parsons, R.J., Beyene, D., Salamon, P., Breitbart, M., 2015. Deep
sequencing of the viral phoH gene reveals temporal variation, depth-specific


https://doi.org/10.1016/j.soilbio.2025.109783
https://doi.org/10.1016/j.soilbio.2025.109783
https://doi.org/10.1038/s43705-022-00109-4
https://doi.org/10.1111/j.1462-2920.2006.01137.x
https://doi.org/10.1186/s40168-020-00822-z
https://doi.org/10.1186/s40168-020-00822-z
https://doi.org/10.1146/annurev-marine-120709-142805
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/S1369-5274(03)00086-9
https://doi.org/10.1016/j.soilbio.2017.07.022
https://doi.org/10.1016/j.soilbio.2017.07.022
https://doi.org/10.1146/annurev-virology-100114-054952
https://doi.org/10.1016/j.soilbio.2009.12.010
https://doi.org/10.3389/fmicb.2021.689762
https://doi.org/10.3389/fmicb.2021.689762
https://doi.org/10.1039/AN9750000549
https://doi.org/10.1016/j.soilbio.2021.108215
https://doi.org/10.1016/j.scitotenv.2023.162289
https://doi.org/10.1016/j.scitotenv.2023.162289
https://doi.org/10.1016/j.biortech.2021.125859

Y. Wang et al.

composition, and persistent dominance of the same viral phoH genes in the Sargasso
Sea. PeerJ 3, €997. https://doi.org/10.7717 /peerj.997.

Hennes, K.P., Suttle, C.A., Chan, A.M., 1995. Fluorescently labeled virus probes show
that natural virus populations can control the structure of marine microbial
communities. Applied and Environmental Microbiology 61 (10), 3623-3627.
https://doi.org/10.1128/aem.61.10.3623-3627.1995.

Howard-Varona, C., Hargreaves, K.R., Abedon, S.T., Sullivan, M.B., 2017. Lysogeny in
nature: mechanisms, impact and ecology of temperate phages. The ISME Journal 11
(7), 1511-1520. https://doi.org/10.1038/ismej.2017.16.

Huang, D., Xia, R., Chen, C., Liao, J., Chen, L., Wang, D., Alvarez, P.J.J., Yu, P., 2024.
Adaptive strategies and ecological roles of phages in habitats under physicochemical
stress. Trends in Microbiology 32 (9), 902-916. https://doi.org/10.1016/j.
tim.2024.02.002.

Islam, F.S., Pederick, R.L., Gault, A.G., Adams, L.K., Polya, D.A., Charnock, J.M., Lloyd, J.
R., 2005. Interactions between the Fe(Ill)-reducing bacterium Geobacter
sulfurreducens and arsenate, and capture of the metalloid by biogenic Fe(II). Applied
and Environmental Microbiology 71 (12), 8642-8648. https://doi.org/10.1128/
AEM.71.12.8642-8648.2005.

Jansson, J.K., Wu, R., 2023. Soil viral diversity, ecology and climate change. Nature
Reviews Microbiology 21 (5), 296-311. https://doi.org/10.1038/s41579-022-
00811-z.

Jiang, Y., Wang, Z., Liu, Y., Han, Y., Wang, Y., Wang, Q., Liu, T., 2023. Nematodes and
their bacterial prey improve phosphorus acquisition by wheat. New Phytologist 237
(3), 974-986. https://doi.org/10.1111/nph.18569.

Jiao, S., Chen, W., Wang, J., Du, N., Li, Q., Wei, G., 2018. Soil microbiomes with distinct
assemblies through vertical soil profiles drive the cycling of multiple nutrients in
reforested ecosystems. Microbiome 6, 146. https://doi.org/10.1186/540168-018-
0526-0.

Jiao, S., Lu, Y., 2020. Soil pH and temperature regulate assembly processes of abundant
and rare bacterial communities in agricultural ecosystems. Environmental
Microbiology 22 (3), 1052-1065. https://doi.org/10.1111/1462-2920.14815.

Jin, M., Guo, X., Zhang, R., Qu, W., Gao, B., Zeng, R., 2019. Diversities and potential
biogeochemical impacts of mangrove soil viruses. Microbiome 7, 1-15. https://doi.
org/10.1186/540168-019-0675-9.

Jousset, A., Bienhold, C., Chatzinotas, A., Gallien, L., Gobet, A., Kurm, V., Kiisel, K.,
Rillig, M.C,, Rivett, D.W., Salles, J.F., van der Heijden, M.G.A., Youssef, N.H.,
Zhang, X., Wei, Z., Hol, W.H.G., 2017. Where less may be more: how the rare
biosphere pulls ecosystems strings. The ISME Journal 11 (4), 853-862. https://doi.
org/10.1038/ismej.2016.174.

Kieft, K., Zhou, Z., Anderson, R.E., Buchan, A., Campbell, B.J., Hallam, S.J., Hess, M.,
Sullivan, M.B., Walsh, D.A., Roux, S., Anantharaman, K., 2021. Ecology of inorganic
sulfur auxiliary metabolism in widespread bacteriophages. Nature Communications
12 (1), 3503. https://doi.org/10.1038/541467-021-23698-5.

Knowles, B., Silveira, C.B., Bailey, B.A., Barott, K., Cantu, V.A., Cobian-Giiemes, A.G.,
Coutinho, F.H., Dinsdale, E.A., Felts, B., Furby, K.A., George, E.E., Green, K.T.,
Gregoracci, G.B., Haas, A.F., Haggerty, J.M., Hester, E.R., Hisakawa, N., Kelly, L.W.,
Lim, Y.W., Little, M., Luque, A., McDole-Somera, T., McNair, K., de Oliveira, L.S.,
Quistad, S.D., Robinett, N.L., Sala, E., Salamon, P., Sanchez, S.E., Sandin, S., Silva, G.
G.Z., Smith, J., Sullivan, C., Thompson, C., Vermeij, M.J.A., Youle, M., Young, C.,
Zgliczynski, B., Brainard, R., Edwards, R.A., Nulton, J., Thompson, F., Rohwer, F.,
2016. Lytic to temperate switching of viral communities. Nature 531 (7595),
466-470. https://doi.org/10.1038/nature17193.

Lee, S., Sieradzki, E.T., Nicolas, A.M., Walker, R.L., Firestone, M.K., Hazard, C., Nicol, G.
W., 2021. Methane-derived carbon flows into host—virus networks at different
trophic levels in soil. Proceedings of the National Academy of Sciences of the United
States of America 118 (32), €2105124118. https://doi.org/10.1073/
pnas.2105124118.

Liang, X., Zhang, Y., Wommack, K.E., Wilhelm, S.W., DeBruyn, J.M., Sherfy, A.C.,
Zhuang, J., Radosevich, M., 2020. Lysogenic reproductive strategies of viral
communities vary with soil depth and are correlated with bacterial diversity. Soil
Biology and Biochemistry 144, 107767. https://doi.org/10.1016/j.
s0ilbi0.2020.107767.

Lynch, M.D.J., Neufeld, J.D., 2015. Ecology and exploration of the rare biosphere. Nature
Reviews Microbiology 13 (4), 217-229. https://doi.org/10.1038/nrmicro3400.

Middelboe, M., Hagstrom, A., Blackburn, N., Sinn, B., Fischer, U., Borch, N.H.,
Pinhassi, J., Simu, K., Lorenz, M.G., 2001. Effects of bacteriophages on the
population dynamics of four strains of pelagic marine bacteria. Microbial Ecology
42, 395-406. https://doi.org/10.1007/500248-001-0012-1.

Ohtsuka, T., Yamaguchi, N., Makino, T., Sakurai, K., Kimura, K., Kudo, K., Homma, E.,
Dong, D.T., Amachi, S., 2013. Arsenic dissolution from Japanese paddy soil by a
dissimilatory arsenate-reducing bacterium Geobacter sp. OR-1. Environmental
Science & Technology 47 (12), 6263-6271. https://doi.org/10.1021/es400231x.

Pedrds-Alid, C., 2012. The rare bacterial biosphere. Annual Review of Marine Science 4
(1), 449-466. https://doi.org/10.1146/annurev-marine-120710-100948.

Pratama, A.A., van Elsas, J.D., 2018. The ‘neglected’ soil virome — potential role and
impact. Trends in Microbiology 26 (8), 649-662. https://doi.org/10.1016/j.
tim.2017.12.004.

Roberts, L.C., Hug, S.J., Dittmar, J., Voegelin, A., Kretzschmar, R., Wehrli, B., Cirpka, O.
A., Saha, G.C., Ashraf Ali, M., Badruzzaman, A.B.M., 2010. Arsenic release from
paddy soils during monsoon flooding. Nature Geoscience 3 (1), 53-59. https://doi.
org/10.1038/ngeo0723.

Roux, S., Brum, J.R., Dutilh, B.E., Sunagawa, S., Duhaime, M.B., Loy, A., Poulos, B.T.,
Solonenko, N., Lara, E., Poulain, J., Pesant, S., Kandels-Lewis, S., Dimier, C.,
Picheral, M., Searson, S., Cruaud, C., Alberti, A., Duarte, C.M., Gasol, J.M.,

Vaqué, D., Bork, P., Acinas, S.G., Wincker, P., Sullivan, M.B., 2016. Ecogenomics and

10

Soil Biology and Biochemistry 205 (2025) 109783

potential biogeochemical impacts of globally abundant ocean viruses. Nature 537
(7622), 689-693. https://doi.org/10.1038/nature19366.

Shen, Y., Yu, H,, Lin, J.,, Guo, T., Dai, Z., Tang, C., Xu, J., 2022. Influence of tetracycline
on arsenic mobilization and biotransformation in flooded soils. Environmental
Pollution 292, 118416. https://doi.org/10.1016/j.envpol.2021.118416.

Shi, L.D., Guo, T., Lv, P.L., Niu, Z.F., Zhou, Y.J., Tang, X.J., Zheng, P., Zhu, L.Z., Zhu, Y.
G., Kappler, A., Zhao, H.P., 2020. Coupled anaerobic methane oxidation and
reductive arsenic mobilization in wetland soils. Nature Geoscience 13 (12), 799-805.
https://doi.org/10.1038/541561-020-00659-z.

Shiah, F.K., Lai, C.C., Chen, T.Y., Ko, C.Y., Tai, J.H., Chang, C.W., 2022. Viral shunt in
tropical oligotrophic ocean. Science Advances 8 (41), eabo2829. https://doi.org/
10.1126/sciadv.abo2829.

Sun, M., Yuan, S., Xia, R., Ye, M., Balcazar, J.L., 2023. Underexplored viral auxiliary
metabolic genes in soil: diversity and eco-evolutionary significance. Environmental
Microbiology 25 (4), 800-810. https://doi.org/10.1111/1462-2920.16329.

Tang, X., Yu, P., Tang, L., Zhou, M., Fan, C., Lu, Y., Mathieu, J., Xiong, W., Alvarez, P.J.,
2019. Bacteriophages from arsenic-resistant bacteria transduced resistance genes,
which changed arsenic speciation and increased soil toxicity. Environmental Science
& Technology Letters 6 (11), 675-680. https://doi.org/10.1021/acs.
estlett.9b00600.

Tang, X., Zhong, L., Tang, L., Fan, C., Zhang, B., Wang, M., Dong, H., Zhou, C.,
Rensing, C., Zhou, S., Zeng, G., 2023. Lysogenic bacteriophages encoding arsenic
resistance determinants promote bacterial community adaptation to arsenic toxicity.
The ISME Journal 17 (7), 1104-1115. https://doi.org/10.1038/541396-023-01425-
w.

Tang, X., Zhou, M., Fan, C., Zeng, G., Lu, Y., Dong, H., Song, B., Fu, Q., Zeng, Y., 2021.
The arsenic chemical species proportion and viral arsenic biotransformation genes
composition affects lysogenic phage treatment under arsenic stress. Science of the
Total Environment 780, 146628. https://doi.org/10.1016/j.scitotenv.2021.146628.

Tang, X.J., Zou, L., Su, S., Lu, Y., Zhai, W., Manzoor, M., Liao, Y., Nie, J., Shi, J., Ma, L.Q.,
Xu, J., 2021. Long-term manure application changes bacterial communities in rice
rhizosphere and arsenic speciation in rice grains. Environmental Science &
Technology 55 (3), 1555-1565. https://doi.org/10.1021/acs.est.0c03924.

Thijs, S., Op De Beeck, M., Beckers, B., Truyens, S., Stevens, V., Van Hamme, J.D.,
Weyens, N., Vangronsveld, J., 2017. Comparative evaluation of four bacteria-specific
primer pairs for 16S rRNA gene surveys. Frontiers in Microbiology 8, 494. https://
doi.org/10.3389/fmicb.2017.00494.

Tong, D., Wang, Y., Yu, H., Shen, H., Dahlgren, R.A., Xu, J., 2023. Viral lysing can
alleviate microbial nutrient limitations and accumulate recalcitrant dissolved
organic matter components in soil. The ISME Journal 17 (8), 1247-1256. https://
doi.org/10.1038/541396-023-01438-5.

Wang, L., Lin, D., Xiao, K.Q., Ma, L.J., Fu, Y.M., Huo, Y .X,, Liu, Y., Ye, M., Sun, M.M,,
Zhu, D., Rillig, M.C., Zhu, Y.G., 2024. Soil viral-host interactions regulate
microplastic-dependent carbon storage. Proceedings of the National Academy of
Sciences of the United States of America 121 (45), e2413245121. https://doi.org/
10.1073/pnas.2413245121.

Wang, Y., Tong, D., Yu, H., Zhou, Y., Tang, C., Dahlgren, R.A., Xu, J.M., 2025. Viral
involvement in microbial anaerobic methane oxidation-mediated arsenic
mobilization in paddy soil. Journal of Hazardous Materials 484, 136758. https://doi.
0rg/10.1016/j.jhazmat.2024.136758.

Wang, S., Yu, S., Zhao, X., Zhao, X., Mason-Jones, K., Zhu, Z., Redmile-Gordon, M., Li, Y.,
Chen, J., Kuzyakov, Y., Ge, T., 2022. Experimental evidence for the impact of phages
on mineralization of soil-derived dissolved organic matter under different
temperature regimes. Science of the Total Environment 846, 157517. https://doi.
org/10.1016/j.scitotenv.2022.157517.

Weber, F.A., Hofacker, A.F., Voegelin, A., Kretzschmar, R., 2010. Temperature
dependence and coupling of iron and arsenic reduction and release during flooding
of a contaminated soil. Environmental Science & Technology 44 (1), 116-122.
https://doi.org/10.1021/es902100h.

Wei, X., Ge, T., Wu, C., Wang, S., Mason-Jones, K., Li, Y., Zhu, Z., Hu, Y., Liang, C.,
Shen, J., Wu, J., Kuzyakov, Y., 2021. T4-like phages reveal the potential role of
viruses in soil organic matter mineralization. Environmental Science & Technology
55 (9), 6440-6448. https://doi.org/10.1021/acs.est.0c06014.

Williamson, K.E., Fuhrmann, J.J., Wommack, K.E., Radosevich, M., 2017. Viruses in soil
ecosystems: an unknown quantity within an unexplored territory. Annual Review of
Virology 4 (1), 201-219. https://doi.org/10.1146/annurev-virology-101416-
041639.

Williamson, K.E., Radosevich, M., Smith, D.W., Wommack, K.E., 2007. Incidence of
lysogeny within temperate and extreme soil environments. Environmental
Microbiology 9 (10), 2563-2574. https://doi.org/10.1111/j.1462-
2920.2007.01374.x.

Winter, C., Smit, A., Herndl, G.J., Weinbauer, M.G., 2005. Linking bacterial richness with
viral abundance and prokaryotic activity. Limnology and Oceanography 50 (3),
968-977. https://doi.org/10.4319/10.2005.50.3.0968.

Xia, R., Sun, M., Balcazar, J.L., Yu, P., Hu, F., Alvarez, P.J.J., 2023. Benzo[a]pyrene stress
impacts adaptive strategies and ecological functions of earthworm intestinal
viromes. The ISME Journal 17 (7), 1004-1014. https://doi.org/10.1038/541396-
023-01408-x.

Xu, L., Cao, H.,, Li, C., Wang, C., He, N., Hu, S., Yao, M., Wang, C., Wang, J., Zhou, S.,
Li, X., 2022. The importance of rare versus abundant phoD-harboring
subcommunities in driving soil alkaline phosphatase activity and available P content
in Chinese steppe ecosystems. Soil Biology and Biochemistry 164, 108491. https://
doi.org/10.1016/j.s0ilbio.2021.108491.

Xu, M., Huang, Q., Xiong, Z., Liao, H., Lv, Z., Chen, W., Luo, X., Hao, X., 2021. Distinct
responses of rare and abundant microbial taxa to in situ chemical stabilization of


https://doi.org/10.7717/peerj.997
https://doi.org/10.1128/aem.61.10.3623-3627.1995
https://doi.org/10.1038/ismej.2017.16
https://doi.org/10.1016/j.tim.2024.02.002
https://doi.org/10.1016/j.tim.2024.02.002
https://doi.org/10.1128/AEM.71.12.8642-8648.2005
https://doi.org/10.1128/AEM.71.12.8642-8648.2005
https://doi.org/10.1038/s41579-022-00811-z
https://doi.org/10.1038/s41579-022-00811-z
https://doi.org/10.1111/nph.18569
https://doi.org/10.1186/s40168-018-0526-0
https://doi.org/10.1186/s40168-018-0526-0
https://doi.org/10.1111/1462-2920.14815
https://doi.org/10.1186/s40168-019-0675-9
https://doi.org/10.1186/s40168-019-0675-9
https://doi.org/10.1038/ismej.2016.174
https://doi.org/10.1038/ismej.2016.174
https://doi.org/10.1038/s41467-021-23698-5
https://doi.org/10.1038/nature17193
https://doi.org/10.1073/pnas.2105124118
https://doi.org/10.1073/pnas.2105124118
https://doi.org/10.1016/j.soilbio.2020.107767
https://doi.org/10.1016/j.soilbio.2020.107767
https://doi.org/10.1038/nrmicro3400
https://doi.org/10.1007/s00248-001-0012-1
https://doi.org/10.1021/es400231x
https://doi.org/10.1146/annurev-marine-120710-100948
https://doi.org/10.1016/j.tim.2017.12.004
https://doi.org/10.1016/j.tim.2017.12.004
https://doi.org/10.1038/ngeo723
https://doi.org/10.1038/ngeo723
https://doi.org/10.1038/nature19366
https://doi.org/10.1016/j.envpol.2021.118416
https://doi.org/10.1038/s41561-020-00659-z
https://doi.org/10.1126/sciadv.abo2829
https://doi.org/10.1126/sciadv.abo2829
https://doi.org/10.1111/1462-2920.16329
https://doi.org/10.1021/acs.estlett.9b00600
https://doi.org/10.1021/acs.estlett.9b00600
https://doi.org/10.1038/s41396-023-01425-w
https://doi.org/10.1038/s41396-023-01425-w
https://doi.org/10.1016/j.scitotenv.2021.146628
https://doi.org/10.1021/acs.est.0c03924
https://doi.org/10.3389/fmicb.2017.00494
https://doi.org/10.3389/fmicb.2017.00494
https://doi.org/10.1038/s41396-023-01438-5
https://doi.org/10.1038/s41396-023-01438-5
https://doi.org/10.1073/pnas.2413245121
https://doi.org/10.1073/pnas.2413245121
https://doi.org/10.1016/j.jhazmat.2024.136758
https://doi.org/10.1016/j.jhazmat.2024.136758
https://doi.org/10.1016/j.scitotenv.2022.157517
https://doi.org/10.1016/j.scitotenv.2022.157517
https://doi.org/10.1021/es902100h
https://doi.org/10.1021/acs.est.0c06014
https://doi.org/10.1146/annurev-virology-101416-041639
https://doi.org/10.1146/annurev-virology-101416-041639
https://doi.org/10.1111/j.1462-2920.2007.01374.x
https://doi.org/10.1111/j.1462-2920.2007.01374.x
https://doi.org/10.4319/lo.2005.50.3.0968
https://doi.org/10.1038/s41396-023-01408-x
https://doi.org/10.1038/s41396-023-01408-x
https://doi.org/10.1016/j.soilbio.2021.108491
https://doi.org/10.1016/j.soilbio.2021.108491

Y. Wang et al.

cadmium-contaminated soil. mSystems 6 (5), €0104021. https://doi.org/10.1128/
mSystems.01040-21.

Yan, Y., Kuramae, E.E., de Hollander, M., Klinkhamer, P.G.L., van Veen, J.A., 2017.
Functional traits dominate the diversity-related selection of bacterial communities in
the rhizosphere. The ISME Journal 11 (1), 56-66. https://doi.org/10.1038/
ismej.2016.108.

Yang, Q., Yang, X., Huang, X., Ye, W., Wang, T., Cheng, Z., Shi, J., Li, Y., Xu, J., He, Y.,
2023. Seed coating with fungicide causes a beneficial shift in root-associated
microbiomes of mature soybean. Soil Science Society of America Journal 87 (1),
43-62. https://doi.org/10.1002/5aj2.20482.

Ye, F., Sun, Z., Moore, S.S., Wu, J., Hong, Y., Wang, Y., 2023. Discrepant effects of
flooding on assembly processes of abundant and rare communities in riparian soils.
Microbial Ecology 86 (2), 1164-1175. https://doi.org/10.1007/500248-022-02152-
Z.

Yu, Y., Xie, Z., Yang, J., Yang, R., Li, Y., Zhu, Y., Zhao, Y., Yang, Q., Chen, J.,
Alwathnani, H.A,, Feng, R., Rensing, C., Herzberg, M., 2023. Citrobacter portucalensis

11

Soil Biology and Biochemistry 205 (2025) 109783

Sb-2 contains a metalloid resistance determinant transmitted by Citrobacter phage
Chrisl. Journal of Hazardous Materials 443, 130184. https://doi.org/10.1016/j.
jhazmat.2022.130184.

Zhang, S., Zhang, J., Niu, L., Chen, Q., Zhou, Q., Xiao, N., Man, J., Ma, J., Wei, C.,
Zhang, S., Luo, Y., Yao, Y., 2024. Escalating arsenic contamination throughout
Chinese soils. Nature Sustainability 7 (6), 766-775. https://doi.org/10.1038/
541893-024-01341-7.

Zhao, F., Ma, Y., Zhu, Y., Tang, Z., McGrath, S.P., 2015. Soil contamination in China:
current status and mitigation strategies. Environmental Science & Technology 49
(2), 750-759. https://doi.org/10.1021/es5047099.

Zhu, Y., Yoshinaga, M., Zhao, F., Rosen, B.P., 2014. Earth abides arsenic
biotransformations. Annual Review of Earth and Planetary Sciences 42 (1), 443-467.
https://doi.org/10.1146/annurev-earth-060313-054942.

Zobrist, J., Dowdle, P.R., Davis, J.A., Oremland, R.S., 2000. Mobilization of arsenite by
dissimilatory reduction of adsorbed arsenate. Environmental Science & Technology
34 (22), 4747-4753. https://doi.org/10.1021/es001068h.


https://doi.org/10.1128/mSystems.01040-21
https://doi.org/10.1128/mSystems.01040-21
https://doi.org/10.1038/ismej.2016.108
https://doi.org/10.1038/ismej.2016.108
https://doi.org/10.1002/saj2.20482
https://doi.org/10.1007/s00248-022-02152-z
https://doi.org/10.1007/s00248-022-02152-z
https://doi.org/10.1016/j.jhazmat.2022.130184
https://doi.org/10.1016/j.jhazmat.2022.130184
https://doi.org/10.1038/s41893-024-01341-7
https://doi.org/10.1038/s41893-024-01341-7
https://doi.org/10.1021/es5047099
https://doi.org/10.1146/annurev-earth-060313-054942
https://doi.org/10.1021/es001068h

	Viruses enhance bacterial-mediated arsenic reduction processes by enriching rare functional taxa in flooded paddy soil
	1 Introduction
	2 Materials and methods
	2.1 Soil sampling and experimental soil preparation
	2.2 Preparation of native soil viral and bacterial suspensions
	2.3 Microcosm experimental design
	2.4 Chemical analysis
	2.5 DNA extraction, qPCR and sequencing
	2.6 Statistical analysis

	3 Results
	3.1 Changes of porewater As concentrations with virus inoculation
	3.2 Porewater Fe(II) concentrations and relationships with As(III)
	3.3 Virus inoculation effects on abundant (AT) and rare (RT) bacteria subcommunities
	3.4 Functional profiles for enriched rare taxa with virus inoculation

	4 Discussion
	4.1 Soil viruses increased porewater As(III) and Fe(II) concentrations
	4.2 Greater susceptibility of rare taxa to virus inoculation than abundant taxa
	4.3 Soil viruses enriched rare functional taxa to enhance as reduction

	5 Conclusion
	CRediT authorship contribution statement
	Data availability
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References




