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ABSTRACT: Soil moisture is a fundamental factor affecting terrestrial
ecosystem functions. In this study, microscopic enumeration and joint
metaviromic and metagenomic sequencing were employed together to
investigate the impact of prolonged drought on soil phage communities and
their interactions with prokaryotes in a subtropical evergreen forest. Our
findings revealed a marked reduction in the abundances of prokaryotic and
viral-like particles, by 73.1% and 75.2%, respectively, and significantly altered
the structure of prokaryotic and phage communities under drought.
Meanwhile, drought substantially increased the fraction of prokaryotic
communities containing lysogenic phages by 163%, as well as the proportion
of temperate phages. Nonetheless, drought likely amplified negative
prokaryote−phage interactions given the nearly doubled proportion of
negative links in the prokaryote−phage co-occurrence network, as well as the
higher frequency and diversity of antiphage defense systems found in prokaryotic genomes. Under drought, soil phages exerted
greater top-down control on typical soil k-strategists including Acidobacteria and Chlorof lexi. Moreover, phage-encoded auxiliary
metabolic genes may impact host metabolism in biosynthesis-related functions. Collectively, the findings of this study underscore the
profound impact of drought on soil phages and prokaryote−phage interactions. These results also emphasize the importance of
managing soil moisture levels during soil amendment and microbiome manipulation to account for the influence of soil phages.
KEYWORDS: drought, soil phages, host−phage interaction, global climate change, soil moisture

1. INTRODUCTION
Viruses are the most diverse and abundant biological entities
on Earth and are present in soils at densities ranging from 107

to 1010 per gram according to microscopic enumeration.1,2

Bacteriophages are the primary components of total soil
viruses.2 There has been increasing recognition that soil phages
play crucial roles in regulating microbial community dynamics
and the hosts’ metabolic functions.3−5 Phages can directly lyse
host cells, releasing intracellular organic matter and influencing
nutrient uptake and turnover in living microorganisms.6,7

Additionally, phage-encoded auxiliary metabolic genes
(AMGs) may alter host metabolism, affecting host adaptation
and biogeochemical cycling of various elements.8−11 The
preservation and reproduction of phages in soils are regulated
by a range of environmental factors, including those associated
with global climate change.12 Specifically, climate change in
recent decades has increased the frequency and intensity of
regional drought, leading to reduced soil moisture levels.13

This alteration in soil moisture not only affects the structure
and function of soil microbial communities14,15 but is also
expected to substantially impact soil phages and their
interactions with host microbes.12 In soils with distinct
moisture levels, the extent of phage top-down regulation on
host microbes can differ greatly, which further impacts

processes including soil organic matter mineralization16,17

and carbon sequestration.18 Hence, elucidating the response of
soil phages and host−phage interactions to drought is essential
for understanding and predicting soil biogeochemical processes
under current and future climate changes.

Past studies suggested that drought may influence the
structure, abundance, and lifestyle of soil phage communities.
A recent global soil metagenomic analysis underscored the key
role of soil moisture in shaping phage community diversity.19

Microscopic enumeration revealed a positive correlation
between soil moisture and the abundance of virus-like particles
(VLPs) in soil,20 possibly due to increased bacterial abundance
and enhanced diffusion in moist soils, which together improve
the chances of host exposure to phages and promote the
production of more virulent phages. Drought may also affect
the lysis and lysogeny lifestyle of bacteriophages. Generally,
lysogeny is expected to enhance the survival of both phages
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and hosts21,22 and may improve host fitness under adverse
environmental conditions.23−25 For instance, the soil viruses
from Antarctica’s dry valleys were predominantly temperate
phages.26 However, a study comparing soil phages across
grasslands with different historical precipitation regimes
revealed that lower precipitation favored a higher abundance
and diversity of temperate phages.27 Therefore, the patterns
and mechanisms by which soil phages and host−phage
interactions respond to drought remain unclear.

In complex microbial and phage communities, the
investigation of host−phage interactions is crucial for under-
standing the effect of phages on prokaryotic community
structure and functions, which can be facilitated by several
approaches.28,29 Hosts may be predicted through searches
against microbial genome databases and matching phage
sequences with CRISPR (clustered regularly interspaced short
palindromic repeats) spacer sequences in host genomes.30,31

The presence and abundance of adaptive immune systems in
host microbes can reflect phage predation pressure.32−34

Additionally, coexistence networks35−37 of host microbes and
phages can provide insights into potential host−phage
interactions. For example, a bacteria−T4-like phage network
constructed from serial surface ocean samples revealed
complex relationships among these entities.28 Similarly, in an
investigation of the coral-associated microbiome during a white
plague disease outbreak, host−phage coexistence network
analysis revealed an important role of phages in controlling
stress-associated symbiotic bacteria.38 In soils, although
previous studies have revealed the possible effect of soil
moisture on phage lifestyle and diversity,27,39 it remains
unclear how soil prokaryote−phage interactions respond to
changes in soil moisture.

Host−phage interactions can also be mediated through
phage-encoded AMGs, which may compensate for hosts’
metabolic burden by aiding adaptation under stressed
conditions.40 For example, in peatland soils, phage AMGs
involved in carbohydrate synthesis and degradation may
influence soil carbon cycling.41,42 In paddy soils, AMGs
associated with phosphorus and nitrogen cycling, e.g., organic
phosphorus uptake and degradation, nitrogen transport and
metabolism, etc., have been identified.43 In soils contaminated
with organochlorine pesticides, the presence of AMGs linked
to pesticide degradation may contribute to increased bacterial
growth at subinhibitory pesticide concentrations.44 Similarly,
in chromium-contaminated soils, phages may facilitate the
transfer of AMGs associated with heavy metal resistance
among bacterial hosts.45 Further exploration of soil phage
AMGs is essential for advancing our understanding of phage-
mediated cellular and biogeochemical processes.

Despite the significant rise in soil virology studies in recent
years, most rely on identifying viral sequences within soil
metagenomic data sets. However, viral sequences typically
constitute only a small fraction (0 to 3%) of these data sets. In
contrast, metaviromic sequencing, which involves the enrich-
ment of soil viruses prior to sequencing, has demonstrated
clear advantages, offering higher coverage and better
representation of soil viromes.46,47 In this study, both
metaviromic and metagenomic approaches were employed to
investigate the response of soil phage communities within soil
aggregates to long-term drought. Our research was conducted
in a long-term experimental field located in the Tiantong
National Forest in Eastern China, where rainfall-reduction
treatment has been ongoing since 2012. To elucidate the

impact of drought on soil phages, soil VLP abundances and
lifestyle strategies were assessed using microscopic enumera-
tion. Then, the differences in phage community structure,
prokaryote−phage ecological network, prokaryote antiphage
defense systems, and phage-encoded AMGs were compared
between drought and control treatments. We hypothesize that
drought could (1) substantially reduce the abundances of
VLPs and the α-diversity of phage communities and (2)
increase the fraction of temperate phages and the associated
AMGs, hence promoting positive prokaryote−phage inter-
actions. Overall, this study aims to uncover the patterns by
which soil phages and prokaryote−phage interactions respond
to long-term drought and to enhance understanding of phage
regulatory mechanisms over prokaryotic communities in the
context of global climate change.

2. MATERIALS AND METHODS
2.1. Sampling Site Description and Sample Collec-

tion. Soil samples were gathered in the long-term rainfall
reduction experimental field located in Tiantong National
Forest Ecosystem Observation and Research Station (29°52′
N, 121°39′ E, 163 m above sea level) in Zhejiang Province,
Eastern China, in June 2018. The region is characterized by a
subtropical monsoon climate, with a hot summer and a cold
winter. Mean annual temperature and precipitation are 16.2 °C
and 1374.7 mm, respectively. The soil type is Acrisol, with its
texture being a clay loam with 6.8% sand, 55.5% silt, and 37.7%
clay.48 The experimental field was established in 2012, with
details of the field setup described by Zhou et al.48 Briefly, for
the drought treatment, concave transparent polycarbonate
boards were evenly fixed at a height of 1.5−3.5 m above
ground in the drought plots and covered roughly 70% of the
total area. The control plots were maintained under natural
conditions without any disturbance. Three plots were set up
for each treatment and were randomly allocated. The size of
each plot was 25 × 25 m, and the intervals among plots were at
least 5 m. A buffer region of 2.5 m width was set around each
plot. A 2 m-deep trench was dug around each plot, and
polycarbonate isolation panels were placed around the plot to
prevent lateral runoff of rainfall. The soil samples were
collected in June 2018. After removing litter and surface debris,
the top 10 cm of soil was sampled from each plot using soil
corers (5 cm in diameter) with an inner bulldozer device to
ensure the integrity of the soil core.49,50 Aggregate fractiona-
tions were separated into four size fractions: > 2 mm (S1, large
macroaggregate), 1−2 mm (S2, medium macroaggregate),
0.25−1 mm (S3, small macroaggregate), and <0.25 mm (S4,
microaggregate) using the “optimal moisture” sieving ap-
proach.51 The samples from triplicate plots were combined for
the viral nucleic acid extraction. The four samples for drought
(DR) and four samples for control (CK) were subjected to
metagenomic and metaviromic sequencing, respectively.
2.2. Epifluorescence Microscopy Counting and

Prophage Induction Assays. Extraction of soil prokaryotic
cells and VLPs was conducted according to the procedures
previously described.16 Briefly, the SM solution (100 mM
NaCl, 10 mM MgSO4, 50 mM Tris, and 0.01% Gelatin, pH
7.5) was used as the extraction buffer. After mixing with the
soil, the soil sludge was vortexed at high speed for 20 min and
centrifuged at 2500g for 8 min. Supernatant was transferred to
50 mL centrifuge tubes and passed through 5 μm filter
membranes to remove small particles.
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For the prophage induction assay, the obtained suspension
was treated with 1 μg/mL (final concentration) mitomycin C
(regarded as the induction group) and without mitomycin C
(regarded as the control).52 All samples were wrapped with
aluminum foil to protect them from light exposure and
incubated at room temperature for 18 h before enumeration of
prokaryotic cells and VLPs. Burst size (BZ) was calculated with
the equation: =BZ V V

B B
i 0

0 i
. The lysogenic fraction (LF) among

the host community was calculated as = ×LF (%) V V
B B

i c

Z 0
. Bi and

Vi represented prokaryotic and viral abundances in the induced
sample, respectively; B0 and V0 represented prokaryotic and
viral abundance in the control sample, respectively.

Enumeration of prokaryotic cells and VLPs was conducted
using methods previously described16,20 in Text S1.
2.3. Soil Physicochemical Analysis and Enzymatic

Assays. Soil physicochemical properties and enzymatic
activities were determined using the same methods previously
described.50 In brief, the activities of four hydrolases:
cellobiohydrolase (CBH), β-1,4-glucosidase (βG), acid
phosphatase (AP), and β-1,4-N-acetylglucosaminidase
(NAG), as well as two oxidases: polyphenol oxidase (PPO)
were measured according to the methods by Saiya-Cork et al.53

Total carbon (TC) and total nitrogen (TN) of the soil samples
were measured by using an elemental analyzer (Elemental
Analyzer, Vario EL III, Germany). The nonhydrolyzed carbon
(NHC) content was assessed according to the procedures in
Su et al.50 The soil moisture content is shown in Figure S1.
2.4. Metagenomic and Metaviromic DNA Extraction

and Sequencing. 2.4.1. Metagenome. Soil total DNA was
extracted from a 0.5 g soil sample using the DNeasy PowerSoil
Pro Kit (Qiagen, Germany) according to the manufacturer’s
instructions. Metagenomic sequencing was performed on the
Illumina NovaSeq 6000 platform (150 bp, paired-end mode) at
Guangdong Magigene Biotechnology Co., Ltd. Metagenomic
sequencing yielded 71,005,801−80,770,019 reads per sample
(average 76,555,847 reads/sample).
2.4.2. Metavirome. Briefly, 3 g of soil sample was suspended

in 10 mL of SM solution (100 mM NaCl, 10 mM MgSO4, 50
mM Tris, and 0.01% Gelatin, pH 7.5), together with 2 g of
glass beads (2 mm diameter), and vortexed at 2800 rpm for 15
min, followed by centrifugation at 4000g for 5 min. The above
processes were repeated three times, and the supernatant was
collected and combined. The supernatant was subsequently
filtered through 0.22 μm filter membranes to remove host cells
and concentrated using Amicon centrifugal ultrafiltration tubes
(30k, Millipore, Germany). The viral particles were precipi-
tated by PEG8000 at 4 °C, and the viral concentrate was
treated with DNase I (Thermo Fisher, USA) to eliminate free
DNA. The universal primers for the 16S rRNA gene (515F/
806R) were used to confirm the absence of prokaryotic DNA
residue. Viral DNA was extracted with the QIAamp DNA
Micro Kit (Qiagen, Germany), and amplified with the REPLI-g
Single Cell kit (Qiagen, Germany). The quality of amplified
products was assessed by 1% agarose gel, Qubit 4.0 (Thermo
Fisher Scientific, USA), and Nanodrop One (Thermo Fisher
Scientific, USA). Metaviromic sequencing was performed on
the Illumina Novaseq 6000 platform (150 bp, paired-end
mode) at the Guangdong Magigene Biotechnology Co., Ltd.
The metagenomic and metaviromic sequence data were
deposited at the NODE database (https://www.biosino.org/
node) under project OEP005425. Metaviromic sequencing

yielded 33,462,460−35,311,237 reads per sample (average
33,940,596 reads/sample).
2.5. Metagenome Assembly, Taxonomic Assignment,

and Functional Annotation. Trimmomatic (v0.39) was
used for raw data processing.54 The contigs were assembled
using Megahit (v1.2.9) with default parameters as --min-
contig-len 500 for prokaryotes.55 Then, Prodigal (v2.6.3)56 was
used to predict open reading frames (ORFs) using the meta
option.56 CD-HIT (v4.8.1)57 was adopted to remove
redundancy and obtain the unigenes (i.e., the nucleotide
sequences coded by unique and continuous genes) catalog
with parameters: -c 0.95 -aS 0.9. Afterward, the gene catalogs
were mapped with clean data using BBMap (v38.18, https://
github.com/BioInfoTools/BBMap) with default parameters to
determine the abundances of genes in each sample. ORFs were
annotated with reference to NCBI RefSeq databases using
Diamond (v2.0.5.143)58 (e-value ≤1 × 10−5). The gene
functions were annotated according to the KEGG database59

(e-value ≤1 × 10−5).
2.6. Metavirome Assembly, Phage Identification,

Clustering, Taxonomical, and Functional Annotation.
Trimmomatic (v0.39) was used for raw data processing54 and
BWA (v0.7.17) was used to remove possible host genome
sequences.60 The contigs were assembled using Megahit
(v1.2.9) with default parameters as --min-contig-len 500 for
phages.55 The contigs longer than 3 kb were retained. Then,
CD-HIT (v4.8.1)57 was adopted to remove redundancy and
obtain the unigenes (i.e., the nucleotide sequences coded by
unique and continuous genes) catalog with parameters: -c 0.95
-aS 0.85. Phage sequences were identified from the assembled
contigs through a combination of three mainstream tools: (1)
VirSorter2 (v2.2.4) with “max_score ≥0.9”;61 (2) DeepVir-
Finder (v1.0) with p ≤ 0.05 and score ≥0.9;62 (3) VIBRANT
(v1.2.1).63 CheckV (v1.0.1) was applied to assess the quality of
phage genomes with at least one viral hallmark gene and
completeness ≥15.64 Next, the identified phage contigs were
estimated by BWA (v0.7.17) to compare clean reads, and the
reads per kilobase of exon model per million mapped reads
(RPKM) of each contig were calculated to obtain the phage
abundance. Prodigal (v2.6.3) was used for the prediction of
phage genes using the meta option,56 and the genes were
annotated according to GhostKOALA65 by GHOSTX search
against a nonredundant set of KEGG GENES (the virus
database). Taxonomic assignment of phage contigs was
performed using PhaGCN based on the latest ICTV
classification tables.66 Afterward, DRAM-v (v1.4.0) was used
for phage-encoded AMG identification with default parame-
ters.67 The genes with auxiliary scores of 1−3 and AMG flag of
−M and/or −F were considered as AMGs.67 The BPROM
server (http://www.softberry.com/) was used to predict the
promoter of AMGs.68 Phyre2 (v2.0) was used for secondary
and tertiary structural homology searches for each AMG.69

2.7. Prokaryote−Phage Ecological Interaction Anal-
ysis. 2.7.1. Prediction of Phage Hosts. Three approaches
(CRISPR-match, tRNA match, and genome homology match)
were adopted to improve the accuracy and comprehensiveness
of phage host prediction.70 (1) The prokaryotic contigs were
used for searching CRISPR spacers by the CRISPR recognition
tool (CRT, v2.0).71 The identified CRISPR spacers were
compared with phage contigs using BLASTn (v2.6.0+), and
those passing the thresholds of ≥95% identity and ≤2 single
nucleotide polymorphisms (SNPs) were selected to predict
putative phage hosts. (2) tRNA genes in phage contigs were
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predicted by tRNAscan-SE (v2.0.7) with default settings and
blasted against the prokaryotic sequences using BLASTn,
keeping only the best hits with at least 95% sequence
identity.72 (3) Phage genomic signatures in microbial genomes,
lysogens, were identified via a search against the prokaryotic
contigs through BLASTn with the following parameters:
bitscore ≥50, e-value ≤10−3, identity ≥70%, and matching
length ≥2500 bp.73

2.7.2. Phage Lifestyle Prediction. The temperate and
virulent lifestyles of phages were first determined by identifying
lysogenic signals (transposase, integrase, excisionase, resolvase,
and recombinase proteins) based on protein sequences from
Pfam (v35.0)74 using “hmmscan” from HMMER (v3.1b2)
with an E value ≤0.00001. The phages without lysogenic
signals were further screened with PhaTYP (Score ≥0.75)75

and VIBRANT (v1.2.1)63 to distinguish temperate and virulent
lifestyles. Since many phage genomes did not have high
completeness, it is possible that the proportion of temperate
phages may be underestimated.
2.7.3. Analysis of Defense Systems and Prokaryote−

Phage Network. Defense-finder (V1.2.0) was used to identify
antiphage defense systems in hosts.76 The interaction
ecological network between soil prokaryotes and phages was
constructed by the “ggClusterNet” package.77 The parameters
were set as follows: “Pearson” correlation, r = 0.8, p = 0.05,
layout_net = “model_Gephi.2”. The network was visualized by
Gephi, version 0.10.1.

2.8. Statistical Analyses. Data were statistically analyzed
using the R platform (v4.0.3). The α and β diversity analyses of
prokaryotes and phages were conducted using “vegan”78 and
“ggplot2”79 packages in R. The Mantel test was used to
calculate the pairwise correlations among the Bray−Curtis
dissimilarities of prokaryotic and phage communities, and the
Euclidean distances of environmental factors. The correlation
between prokaryotic and phage OTU numbers was analyzed
using the “ggpubr” package.80 The phage lineages with
significantly different abundance distributions under drought
were identified using the “edgeR” package (FDR < 0.05).81

The schematic diagram of sample collection and data
processing is presented in Figure S2.

3. RESULTS
3.1. Changes in Prokaryotic and Phage Communities

in Soil Aggregates under Drought. Long-term drought
showed significant effects on both soil prokaryotic and phage
community compositions (Figure 1a, b). A total of 8,297,594
mOTUs were obtained from the metagenomic profiles, and the
dominant prokaryotic phyla included Acidobacteria, Proteobac-
teria, Actinobacteria, etc. Drought treatment significantly
decreased the relative abundances of Gammaproteobacteria,
Betaproteobacteria, and Deltaproteobacteria, while increasing
the abundance of Actinobacteria (Figure S3). From the
metaviromic profiles, a total of 6688 vOTUs longer than 3
kb were identified. Only 3.4% of all vOTUs were taxonomically
annotated based on the latest ICTV classification rules, among

Figure 1. Changes of prokaryotic and phage community composition in soil aggregates (S1: large macroaggregates, > 2 mm; S2: medium
macroaggregates, 1−2 mm; S3: small macroaggregates, 0.25−1 mm; and S4: microaggregates, < 0.25 mm). “DR” and “CK” represent “drought”
and “control” treatment, respectively. (a) Composition of prokaryotic and phage communities. (b) PCoA of prokaryotic and phage community
structures. (c) Mantel correlation between prokaryotic and phage communities with soil physicochemical properties and enzyme activities. “TC”,
“TN”, and “NHC” represent “total carbon”, “total nitrogen”, and “non-hydrolyzed carbon” content in the samples, respectively. (d) The prokaryotic
and VLP abundances, as well as LF of the prokaryotic communities.
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which the major phage families included Mesyanzhinovviridae,
Casjensviridae, Vilmaviridae, Peduoviridae, etc (Figure 1a). The
proportions of classifiable vOTUs in the samples are shown in
Figure S4.

Multivariate analyses suggested that the phage communities
were more susceptible to drought (Table S1). Drought
resulted in 1.6% decrease in α-diversity for prokaryotic
communities but 24.1% increase for phage communities
(Figure 1a). The numbers of mOTUs and vOTUs were
significantly correlated (r = 0.79, p < 0.05) (Figure S5). Based
on epifluorescence microscopic counting, drought lowered
prokaryotic and free VLP (virus-like particle) abundances by
73.1% and 75.2%, respectively, while increasing the lysogenic
fraction of prokaryotic communities by 163.0% (Figure 1d).
Mantel analysis demonstrated that prokaryotic community
structure was significantly related to TC, TN, NHC, TC/TN,
βG, AP, NAG, and PPO; phage community structure was
strongly associated with pH and TC/TN (Figure 1c). The
above observations suggested different responses of soil phages
to drought compared to prokaryotes.

The phage taxa and phage functional genes differentially
responded to drought (Figure 2a,b). Among all vOTUs, 9.4%
were significantly enriched under drought, including those
associated with the families of Vilmaviridae, Peduoviridae, and
Zierdtviridae, whereas 10.3% of the vOTUs were enriched
under control, including those associated with Casjensviridae
(Figures S6 and 2a). In terms of phage functional genes, those
involved in DNA replication were enriched under drought,

whereas those related to endonucleases, structural and
nonstructural proteins, adenine methyltransferases, etc., were
enriched under control (Figure 2b).
3.2. Soil Host−Phage Associations and Host-Encoded

Antiphage Defense Systems. The putative host−phage
linkages (Figure 2c) and the antiphage defense systems carried
by prokaryotes (Figure 2d) were investigated across all
samples. Specifically, the phage contigs associated with
Zierdtviridae , Vilmaviridae , and no_family_available
(NC_041983) were linked to five host phyla and seven host
families based on matches of the CRISPR spacer sequences,
tRNA sequences, as well as reference genome sequences
(Figure 2c). The host phyla covered Acidobacteria, Actino-
bacteria, Proteobacteria, Verrucomicrobia, and Bacteroidetes, all of
which were among the dominant soil prokaryotic phyla (Figure
1a). A total of 83 host−phage pairs were matched.

Based on the metagenomic profiles, a total of 58 types (82
subtypes) of antiphage defense systems were characterized,
among which Restriction-modification systems (RM), Borvo,
AbiE, pAgo, SoFIC, Cas, Mokosh, CBASS, Wadjet, and Shedu
were of the top 10 highest abundances. A significant
proportion (53%) of these defense systems were associated
with unknown hosts, while the rest were distributed across the
major phyla of prokaryotic communities, including Acid-
obacteria, Proteobacteria, Actinobacteria, and so on (Figure
S7). Both the overall abundance and α-diversity of the defense
systems were higher under drought compared with the control
(Figure 2d). Specifically, the antiphage defense systems

Figure 2. Analysis of soil prokaryote−phage interactions. (a) The phage taxa showing significant abundance changes under drought. (b) Functions
of phage genes showing significant abundance changes under drought. (c) Predicted host−phage associations. (d) The composition of antiphage
defense systems carried by soil prokaryotes.
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associated with RM, Borvo, pAgo, Mokosh, CBASS, Wadjet,
and Shedu showed increased abundances under drought
(Figure 2d), which may suggest a change in phage predation
stress.
3.3. Ecological Network Among Soil Prokaryotes and

Phages. The ecological network analysis was performed to
further assess the interactions among soil prokaryotes and
phages (Figure 3). Notably, the proportion of negative
correlations between prokaryote and phage nodes was
markedly higher under drought compared with control (Figure
3a), likely suggesting more counteracting interactions between
prokaryotes and phages. The betweenness centrality and
degree of nodes exhibited a significant positive correlation
(Figure S8). Among the major modules, those characterized by
prokaryotic nodes with higher degree and centrality were
dominated by positive correlations, whereas those charac-
terized by phage nodes with higher degree and centrality were
dominated by negative correlations (Figure 3a). Under
drought, the prokaryotic nodes had significantly lower degree
and betweenness centrality, whereas the phage nodes had
significantly higher degree and betweenness centrality (Figure
3b and 3c). The above results suggested increased significance
of the phage nodes in the network structure under drought. In
addition, for the two bacterial groups (Acidobacteria and
Chlorof lexi), the proportion of negative prokaryote−phage
links showed a marked increase under drought (Figure 3d).
3.4. Phage-Encoded AMGs under Long-Term

Drought. A total of 899 phage-encoded AMGs were
identified, mainly involving carbon utilization (249), organic
nitrogen (44), MISC (hybrid types, 26), and unassigned (523)

functional categories. Drought increased the diversity of overall
AMGs, especially the number of AMGs carried by temperate
phages (Figure 4b). The AMGs involved in pathways including
chromosome and associated proteins, DNA replication
proteins, cysteine and methionine metabolism, folate biosyn-
thesis, and purine metabolism, etc., were enriched under
drought; whereas those involved in amino sugar and nucleotide
sugar metabolism, O-antigen nucleotide sugar biosynthesis,
fructose and mannose metabolism, polyketide sugar unit
biosynthesis, ascorbate and aldarate metabolism, streptomycin
biosynthesis, etc., were enriched under control (Figure 4a).
Among the predicted AMG genes, DNMT1, GCH1, queD, and
purD were enriched under drought; rfbB, GME, TALDO1, and
UGDH were enriched under the control (Figure 4c). Figure 5
illustrates various pathways involving phage AMGs. Under
drought conditions, these include tetrahydrobiopterin biosyn-
thesis, adenine ribonucleotide biosynthesis, and pyrimidine
deoxyribonucleotide biosynthesis. Under control, pathways
including dTDP-L-rhamnose biosynthesis and the pentose
phosphate pathway were featured.

4. DISCUSSION
Soil moisture is a key factor regulating soil nutrient availability,
microbial metabolism, and the associated biogeochemical
processes. In this study, through epifluorescence counting
and joint metaviromic and metagenomic sequencing ap-
proaches, the profound impact of drought on soil phages and
host−phage interactions was further revealed. Hence, soil
moisture not only directly regulates soil microbial community
structure and functions but also indirectly through its effect on

Figure 3. Ecological network among prokaryotes and phages. (a) The prokaryote−phage co-occurrence network under drought and control. (b)
The degree and (c) betweenness centrality of prokaryotic and phage nodes in the network. (d) The proportion of positive and negative
prokaryote−phage links associated with the dominant bacterial groups under drought and control.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c08448
Environ. Sci. Technol. 2025, 59, 3054−3066

3059

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08448/suppl_file/es4c08448_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08448?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08448?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08448?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08448?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c08448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


soil phages. Improved understanding of the associated
processes and mechanisms may facilitate better prediction of
ecosystem function response to drought under the climate
change scenario.
4.1. The Change of Lifestyle and α-Diversity of Soil

Phages under Drought. Former studies have revealed that
lysogeny is favored when bacterial hosts exhibit slow growth
rates.82−87 In this study, an increased lysogeny was observed
under long-term drought treatment (Figure S9), which was
consistent with the decreased growth rate of microorganisms,
evidenced by reduced soil respiration,88,89 decreased enzyme
activities,43,44 as well as a decreased number of prokaryotic
cells as determined by microscopic enumeration (Figure 1d).
Additionally, the increase in temperate phages may be linked
to drought-associated stress conditions such as osmotic stress
and ion toxicity.90 Although related research remains limited, a
study reported an increased lysogenic fraction of bacterial
communities under elevated chromium (Cr) stress in Cr-
contaminated soils.45 Nonetheless, the ecological and molec-
ular mechanisms regulating phage life cycles in soils await
further investigation.

Interestingly, the change in α-diversity of soil phage
communities was opposite to that of prokaryotic communities,
which was contrary to our initial hypothesis. Specifically, a
1.6% decrease in Shannon diversity of prokaryotic commun-
ities was observed, yet the Shannon diversity of soil phages
increased by 24.1% (Figure 1a). Both temperate and virulent
phages exhibited increased Shannon diversity under drought

(Figure S10). This pattern may be linked to the significant
decline of r-strategists, e.g., Proteobacteria in particular, under
drought at this site50 (Figures 1a and S3). Members of this
taxon are usually fast-growing organisms that thrive on
unstable soil nutrients and maximize growth rates when
resources are plentiful.91−93 Their decreased abundance under
drought may lead to a corresponding decline in phages
targeting these fast-growing hosts, which are often associated
with large burst sizes. Consequently, the reduced dominance of
these specific phages allowed a greater diversity of phages to be
detected with the same sequencing effort, resulting in greater
evenness and the observed increase in phage diversity (Figure
S11).
4.2. Drought Promoted Negative Interactions be-

tween Soil Prokaryotes and Phages. A few past studies
have demonstrated that drought could greatly impact the
structure of soil microbial networks.14,94 However, the effect of
drought on prokaryote−phage networks has remained under-
explored. Chow et al. constructed the bacteria−T4-like phage
network for the surface ocean, revealing 74% of positive
correlations between bacteria and T4-like phages,28 despite the
common recognition of T4-like phages as virulent phages. In
this study, it is worth noting that among the major modules,
those dominated by positive links were characterized by
prokaryotes with higher degree and centrality, whereas those
dominated by negative links were characterized by phages with
higher degree and centrality. These likely correspond to
different prokaryote−phage interacting mechanisms, where the

Figure 4. Phage-encoded AMGs under drought and control. (a) Heatmap of the AMGs classification in KEGG pathways. (b) Number and
diversity of the AMGs carried in temperate and virulent phage contigs. (c) Genome and protein structures of selected AMGs under drought and
control.
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former may suggest the change in phage abundances follows
that of host abundances, and the latter may suggest phages cut
down host abundances through top-down regulation. Under
long-term drought, the proportion of negative links almost
doubled (40.60% under drought compared to 20.43% under
control) in the prokaryote−phage network, and the degree and
centrality of phage nodes also significantly increased (Figure
3), likely reflecting elevated “virulence” of the phage
communities on the prokaryotic hosts. This phenomenon is
interesting and seems contrary to common expectation as well
as our hypothesis that wet soils would enhance cell lysis by
phages.12 Here, the increase in negative prokaryote−phage
links under drought was primarily associated with k-strategists
Acidobacteria95,96 and Chlorof lexi97 distributed in major

modules of the drought network (Figures 3d and S12).
Meanwhile, for these two bacterial groups, the proportion of
positive prokaryote−phage links showed a marked decrease
under drought (Figure 3d). Hence, the prokaryote−phage
links for typical k-strategists Acidobacteria and Chlorof lexi
changed from being dominated by positive links under control
to being dominated by negative links under drought, which
may suggest a shift in prokaryote−phage interaction
mechanisms, and that soil phages exerted elevated top-down
control especially on k-strategists under drought.

Consistent with the overall increased negative links in the
prokaryote−phage network under drought, both the abun-
dance and diversity of antiphage defense systems carried by
prokaryotes also increased (Figure 2d). A former study by Wu

Figure 5. Functional illustration of AMGs enriched under drought and control. The genes in red are encoded by phages.
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et al.27 reported that soil from regions with lower precipitation
contained lower frequencies of antiphage defense systems.
However, only CRISPR-Cas-associated systems were profiled.
In this study, drought enriched genes associated with the
widely distributed restriction-modification systems (RM)98

that attack foreign DNA entering the cell,99 the single-gene
antiphage system Borvo,100 the prokaryotic Argonaute
homologue (pAgo)101 that uses guide RNAs and/or ssDNAs
for targeted inhibition,102 as well as the cyclic oligonucleotide-
based antiphage signaling system (CBASS) that promotes cell
death upon phage infection,103 etc. Since prokaryotic immune
systems constantly undergo active evolution, their distribution
is generally considered closely associated with phage
activities.32 In addition, many of the defense systems and
genes are also subject to horizontal gene transfer, which
facilitates fast adaptation under phage predation stress.104

Here, the higher frequency and diversity of defense systems
under drought were in line with the higher phage diversity as
well as the overall increased proportion of negative links in the
prokaryote−phage network.

In a relevant study, microbial necromass C was assessed in
this experimental field and showed a significantly higher
contribution to total soil organic C (SOC) under drought.105

Furthermore, the fraction of bacterial necromass C in total
microbial necromass C significantly elevated under drought105

and exhibited an increasing trend with drought duration.106

These results are consistent with our finding of enhanced
host−phage “antagonism”, and suggest bacterial mortality due
to phage activities may affect microbial necromass accumu-
lation and SOC dynamics.
4.3. Both Virulent and Temperate Phages Carried

AMGs. Both temperate and virulent phages are known to carry
AMGs, which could affect host metabolism and potentially
influence biogeochemical cycles during infection.40,107 One of
the major differences between phages in soil and aquatic
environments is that soils usually contain a higher proportion
of temperate phages.27,108 However, the relative contribution
of virulent versus temperate phages to AMGs remains unclear.
In this study, both the lysogenic fraction and the number of
AMGs carried by temperate phages significantly increased
under drought (Figures S9 and 4b). Yet, AMGs were found in
similar fractions of virulent and temperate phages (13.37% and
13.82%, respectively), suggesting both phage types were
equally important as AMG carriers. Previous studies have
reported two viral strategies of modulating microbial
metabolisms, i.e., “plunder and pillage” and “batten down the
hatches”.109 The former was typically associated with virulent
viruses, which could use AMGs to hijack host metabolism and
rewire intracellular resources for progeny production,
especially when the hosts are in high density.110,111 The latter
strategy was typically associated with temperate viruses, which
could enhance host fitness or resistance under unfavorable
environments through the expression of AMGs.21−25 Hence,
our results further support the importance of considering
AMGs carried by both virulent and temperate phages.
4.4. Soil Phage-Encoded AMGs Enriched in Biosyn-

thesis-Related Functions. Recent advances in soil meta-
viromic sequencing have led to the discovery of abundant
phage AMGs associated with diverse metabolic functions.41

However, metatranscriptomic analyses may provide further
evidence for the activities of AMGs carried by phages in the
future. Under both drought and control treatments, the
enriched phage AMGs were mostly associated with biosyn-

thesis functions (Figures 4 and 5). Under drought, multiple
AMGs involved in nucleotide biosynthesis were enriched,
including purD (phosphoribosylamine-glycine ligase), purAB
(adenylosuccinate synthase and lyase), and dut (dUTP
diphosphatase), etc. Specifically, purAB is responsible for the
biosynthesis of AMP;112,113 purD is involved in de novo
synthesis of purine;114 dut is involved in the hydrolysis of
dUTP to dUMP.115 DNMT1 (DNA (cytosine-5)-methyltrans-
ferase 1), catalyzing the degradation of methionine116 and
essential for the maintenance of genomic DNA methylation117

was also enriched under drought.56 In addition, AMGs
participating in tetrahydrobiopterin biosynthesis were enriched
as well, which are involved in multimetabolic processes
including electron transfer, amino acid metabolism, hormone
synthesis, et cetera.118 These findings suggest that the phage
AMGs might promote nucleic acid metabolism in prokaryotic
hosts under drought. Similar findings were proposed to relate
to the maintenance of host nucleic acid replication levels and
cell proliferation.119

Under control, multiple genes involved in carbohydrate
metabolism were enriched, including GME (GDP-D-mannose
3′, 5′-epimerase),120 UGDH (UDP-glucose 6-dehydrogen-
ase),121 as well as rfbB (dTDP-glucose 4,6-dehydratase) and
rfbD (dTDP-4-dehydrorhamnose reductase) responsible for
the biosynthesis of dTDP-L-rhamnose. dTDP-L-rhamnose is a
nucleotide sugar that serves as the precursor for the synthesis
of rhamnose-containing polysaccharides, which are essential
components of bacterial cell walls.122 Notably, several genes
participating in the nonoxidative phase of the pentose
phosphate pathway (PPP) were also enriched in phage
AMGs (Figure 5), such as TALDO1 (transaldolase), rpiB
(ribose 5-phosphate isomerase B), etc. PPP is an important
part of central carbon metabolism, generating NADPH, as well
as pentoses including ribose-5-phosphate, the precursor for
nucleotide biosynthesis.123 The NADPH produced by PPP is
essential for anabolism and the synthesis of large molecules, as
well as for the maintenance of cellular redox balance.124

Studies have found that some marine cyanophages can
promote PPP in cyanobacteria after infection, accelerating
the production of nucleotides and NADPH, hence facilitating
the synthesis of phage nucleotides and particles.125 Notably,
the nonoxidative phase of PPP partly overlaps with the Calvin-
Benson-Bassham cycle (CBB).126 Therefore, AMGs encoding
the associated genes may also affect carbon fixation processes
in autotrophic hosts (Figure 5).

In summary, our results unveiled the substantial effect of
drought on soil phage communities and their interactions with
soil prokaryotes. Drought significantly reduced the abundance
while increasing the fraction of temperate phages due to its
negative effect on soil microbial growth. Drought also
enhanced the negative interactions between soil prokaryotes
and phages according to profiling of co-occurrence networks
and antiphage defense systems. These negative associations
primarily target typical k-strategists Acidobacteria and Chloro-
f lexi, whose growth was relatively favored under drought.
Phage AMGs were carried in similar fractions of virulent and
temperate phages and were enriched in biosynthesis-related
functions. These results improved our understanding of
prokaryote−phage interactions and phage regulatory mecha-
nisms in the context of global climate change. Moreover,
findings of this study demonstrate a profound influence of soil
moisture level on soil phages, which must be meticulously
managed during soil microbiome manipulation practices.
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