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ABSTRACT

Both viral abundance and life state vary across contrasting soil environments and are crucial for mediating microbial metabolism
and soil functions. Yet, why soil viruses favor the lytic or lysogenic cycle in a given soil environment, and to what extent they af-
fect soil functions, remains unclear. In this review, we constructed a soil virus abundance dataset containing 691 samples, which
for the first time included the lysogenic fraction index to quantify the proportion of soil viruses in the lysogenic state. Moreover,
we have assessed the distribution and key drivers of soil viral properties based on 21 soil physicochemical indicators. We also
systematically summarized three molecular mechanisms regulating viral lysis-lysogenic transformations that are believed to be
widespread in soil environments. We propose a conceptual framework for a transition threshold of viral life strategies based on
existing experimental evidence. When environmental stress falls below the critical tolerance level of soil microbes, soil viruses
facilitate stress relief. However, once stress exceeds the microbial tolerance threshold, the soil viruses transition to another life
cycle, such as from the lysogenic to lytic state. This transition results in completely different effects on microbial metabolic sys-
tems and associated soil functions. Further, we documented the role of soil viruses in soil ecosystem functions, highlighting in
particular, the importance of the “viral shuttle” and “virovory” mechanisms for soil carbon sequestration and complementary
One Health functions. Finally, we provide our perspective on future research needs to advance our understanding of soil virology
and its impact on soil functions, particularly in the context of global climate change.

1 | Introduction cannot accurately depict the complexity and heterogeneity of the

real-world soil environment. This is because highly variable soil

Viruses, the most abundant biological entity on Earth, are in-
creasingly recognized for their important ecological roles due to
the close relationship between viruses and almost all living or-
ganisms (Jansson and Wu 2023). It has been estimated that viral
abundance (VA) in soils is much higher than in the marine envi-
ronment (4.88x10%° VLPs in soil vs. 1.29x10°° VLPs in marine),
assuming that all soil ecosystems have the same virus-to-microbe
ratio (VMR) (Guemes et al. 2016). Clearly, using the same VMR

© 2025 John Wiley & Sons Ltd.

properties, such as pH, moisture, clay, and nutrient content, signifi-
cantly influence microbial and viral communities (Li et al. 2019;
Lee et al. 2022; Nicolas et al. 2023; Philippot et al. 2023).

Although previous attempts were made to assess significant
differences in the abundance of soil viruses across different
ecosystems, the sample size was too small (N=52) and did
not include other important indicators, such as the lysogenic
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fraction (LF) and relationships with soil physicochemical prop-
erties (Williamson et al. 2017). Due to recent advances in soil
virus research, additional data on soil viral dynamics have been
elucidated, especially data concerning the use of the lysogenic
fraction to assess viruses in the lysogenic state (Liang, Zhang,
et al. 2020). Therefore, it is an appropriate time to update the
soil virus dataset and investigate the key differences and drivers
of viruses in different soil ecosystems at the global scale. It is
also warranted to address the role of viruses in nutrient cycling
processes, given the changing global climate and land-use pat-
terns. Both the “viral shunt” and “viral shuttle” mechanisms,
as well as interactions that couple carbon, nitrogen, and phos-
phorus cycling, have been documented in soil environments (Li
et al. 2013; Tong et al. 2023, 2025). However, the extent to which
these mechanisms affect soil carbon cycling and associated nu-
trient cycling functions remains unclear.

Viruses can be divided into virulent and temperate catego-
ries according to their life strategies. The former can only lyse
hosts, whereas the latter can choose between a lytic or lysogenic
cycle depending on host density and environmental conditions
(Howard-Varona et al. 2017; Kuzyakov and Mason-Jones 2018;
Bruce et al. 2021). Different viral life cycles can significantly im-
pact host metabolic activities. In the lysogenic cycle, the virus
has minimal impact on host metabolism, whereas the virus
in the lytic cycle reprograms the host's resource acquisition
and central carbon and energy metabolism (Howard-Varona
et al. 2020). These changes may further alter the ability of soil
microbes in contaminant bioremediation (Zheng et al. 2022).
Models such as kill-the-winner (Chen, Weinbauer, et al. 2021),
piggyback-the-winner (Knowles et al. 2016), or cull-the-winner
(Santos-Medellin et al. 2023) have been proposed to explain the
dynamics between viruses and their hosts. But why do virus-
host relationships follow different models in different soil en-
vironments? What are the molecular mechanisms involved in
these relationships? And what are the associated effects on soil
properties and soil functions? Furthermore, soil microbiomes,
including soil viruses, have been proposed as an important com-
ponent of the One Health concept that provides an integrated
and unifying approach to sustainably balance and optimize the
health of people, animals, and ecosystems (Singh et al. 2023).

Significant progress has been achieved in soil virology research,
including the discovery of novel soil viruses (Schulz et al. 2018),
improvements to the global soil virus databases and viral biogeo-
graphic patterns (Schulz et al. 2020; Ma et al. 2024), the optimi-
zation of soil virus extraction methods (Williamson et al. 2005;
Narr et al. 2017; Yu et al. 2023), and the elucidation of mecha-
nisms for virus-host mutualism in different soil environments
(Lee et al. 2023; Lopez-Garcia et al. 2023; Ma et al. 2023; Ter
Horst et al. 2023; Cheng et al. 2024). However, there is a lack
of systematic summaries assessing the mechanisms driving soil
viral lysis-lysogenic transitions and viral properties among dif-
ferent soil ecosystems. Thus, this review aims to summarize the
molecular mechanisms of soil viral lysis-lysogenic transition
and viral properties, including VA, VMR, and LF, the fraction
of microbial mortality caused by soil viruses, and their distri-
bution among global soil ecosystems. Moreover, we propose a
new concept: the viral threshold response to soil environmental
stressors, such as the threshold-based role of temperature, mois-
ture, and contaminants, in viral lysis-lysogenic transformation.

Further, we systematically demonstrate the impact of soil vi-
ruses on soil ecological functions in terms of food security/
safety, secondary source of pathogenic viruses, maintenance of
soil biodiversity in harsh environments, and sustainable patho-
gen Kkillers/suppressors in the context of the One Health concept.

2 | Distribution of Soil Viruses in Different
Terrestrial Ecosystems

Estimates of soil virus abundance can reach up to 4.88x10%°
VLPs (virus-like particles) gdw™! soil, accounting for nearly
10% of the global virus inventory (Guemes et al. 2016). As such,
soil viral dark matter has attracted considerable attention and
become a hot topic of research, especially in terms of soil vi-
rome metagenomics. However, it remains unclear how many
soil viruses actually exist in different soil ecosystems, how/
why they may differ, and how they affect ecological and soil
functions. To address these unknowns, we expanded the soil
virus abundance dataset of Williamson et al. (2017), increasing
the sample size from 52 to 691. From the newly updated soil
virus abundance dataset (Table S1 and Figure 1A), soil virus
abundance (VA) ranges from 2.70x 103 VLPs gdw™! soil in hot
deserts to 1.76x10'° VLPs gdw™! soil in wetlands. Moreover,
the ecosystem type purported to have the highest soil virus
abundance was not the previously reported forest soils, but
follows the order: wetland (mean/median: 5.87x10°/3.97 x 10°
VLPs gdw! soil)>agricultural land (2.47%10°/1.39x10°
VLPs gdw™! soil)>grassland (1.36x10°/7.81x10® VLPs
gdw!  soil)~forest (1.22x109/7.94x10% VLPs gdw!
soil)>tundra (5.84x10%/4.95x10® VLPs gdw™!' soil)>cold
desert (3.30x108/2.90x10% VLPs gdw! soil)>hot desert
(3.76 X 10%/1.05x 10° VLPs gdw™! soil) (Figure 1). Due to the dis-
turbance caused by human agricultural activities, the range of
VA in agricultural soil is greater than in other land-use types.

In addition to extracellular free virus particles, intracellular vi-
ruses in a lysogenic state can be detected and referred to as the
lysogenic fraction (LF) (Liang, Zhang, et al. 2020). The LF can
facilitate a more intuitive and precise comprehension of soil viral
population dynamics and life-history strategies. Furthermore,
LF can be utilized to infer the extent to which viruses function
via AMGs without lysing their hosts in soil. To our knowledge,
this is the first time that the LF in different soil ecosystems has
been systematically assessed (Figure 1C). The results showed
that the highest LF was found in grassland (mean/mediation:
56.4/59.2%) and agricultural (52.8/59.2%) soils, followed by
forest soil (48.0/50.9%), wetlands (44.4/44.4%), and cold desert
(15.5/19.3%). The LF in hot deserts and tundra soils has not been
reported at this time.

The virus-to-microbe ratio (VMR) has been proposed as a proxy
for the relationship between viral and microbial communities
(Parikka et al. 2017). For many years, research has attempted to
predict the rate of host viral infection by estimating the VMR.
A consensus has emerged that viral abundance is typically
tenfold higher than microbial abundance (Guemes et al. 2016).
However, the VMR is more complex than expected, especially
in soils (Liang et al. 2023). The VMR in soils is highly variable
across different ecosystems, ranging from 0.002 to 8200, with an
average value of ~153, more than an order of magnitude higher
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FIGURE1 | Variation of viral properties in different soil ecosystems. (A) Viral abundance grouped by soil ecotypes: Grassland (N=97), agricul-
tural (N =255), forest (N=121), wetland (N =18), hot desert (N =24), cold desert (N=6) and tundra (N =150) (See Table S1 for more details). (B) Virus-
to-microbe ratio (VMR) and (C) the LF (lysogenic fraction) of different soil ecosystems. (D) Relationship between VMR and microbial abundance.

than the consensus value of 10 (Table S1). This would imply that
the total viral abundance in soils is much higher than previously
estimated based on the VMR of 10.

The VMRs in different soil ecosystems were compared to bet-
ter estimate the viral abundance and the rate of virus infection
of hosts. As shown in Figure 1B, the highest VMR occurred in
the cold desert (mean/median: 3638/3493), followed by agricul-
tural soil (85.6/7.1) and grassland soil (12.1/6.3), and then forest
soil (8.4/7.2), wetlands (3.9/1.2), tundra (2.1/2.0) and hot desert
(0.8/0.5). Notably, the VMR does not always increase with mi-
crobial abundance, but decreases sharply at higher microbial
abundances. Hence, a higher microbial abundance does not al-
ways mean a higher virus-induced host mortality (Wigington
et al. 2017; Liang et al. 2023). More specifically, there appears
to be a threshold value (microbial abundance ~4.57x107 g™
soil and VMR ~58.2) between the relationship of VMR and mi-
crobial abundance. The VMR increases with microbial abun-
dance below this threshold value, whereas VMR decreases at

higher microbial abundances (slope=-1.14 vs. slope=0.437;
Figure 1D). This threshold tendency for VMR suggests that both
the kill-the-winner (KtW) and piggyback-the-winner (PtW)
models exist in the soil environment. That is to say that the KtW
strategy is transformed to PtW as the microbial abundance in-
creases, with a threshold value corresponding to a microbial
abundance of ~4.57x 107 g™! soil.

If only endogenous factors are considered, without consider-
ing exogenous factors (e.g., soil physicochemical properties)
that are too complex to explain, the threshold trend in VMR
versus microbial abundance can be attributed to the trade-off
between the capacity for effective viral infection and host de-
fense. This has been confirmed by a long-term field experiment
that found the higher the microbial abundance, the stronger the
resistance to viruses (Wu et al. 2020). Another potential factor
is the prevalence of a viral lysogenic state with a high micro-
bial density under microbially favorable environmental condi-
tions, such as a nutrient-rich environment (Knowles et al. 2016;
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Chen, Weinbauer, et al. 2021; Liang et al. 2023). In addition to
total viral abundance, the composition of viral communities is
compiled in Figures S1 and S2. Despite the large variation in
viral abundance between different soil ecosystems, the most
abundant viral species in soil were similar and included DNA
viruses of Siphoviridae, Myoviridae, and Podoviridae, and RNA
viruses of Narna-Levi, Tolivirales, and Picornavirales (Emerson
et al. 2018; Cao et al. 2022; Chen et al. 2022; Liao et al. 2022b).

Soil virus abundance was correlated with a total of 21 soil
physicochemical properties (Figures S3-S5) to assess potential
drivers of virus abundance. Soil viral abundance showed a sig-
nificant positive relationship with clay content, SOC, and TP,
whereas a negative correlation was found with sand content
and C/N (Figure S3). A systematic consideration of the effects
of soil physicochemical properties on soil virus abundance,
VMR, and LF leads to the following conclusions: (1) The same
properties affecting viral abundance also affect VMR, but in an
opposite manner (Figures S3 and S4). This suggests that both
clay content and SOC can stimulate the growth of microbes
and viruses (Liang et al. 2023), with the microbial growth rate
being higher than that of soil viruses. The response of the soil
virus community to the soil environment may lag behind that
of its host, which has also been observed during the rewetting
of grassland soils (Nicolas et al. 2023). (2) Soil nitrogen content
can induce the transformation of soil viruses from the lysogenic
to lytic state (indicated by the negative relationship between in-
organic N and LF, and the negative correlation between virus
abundance and C/N; Figures S3 and S5). (3) Microbes are more
sensitive to pH than viruses. There was no clear relationship be-
tween pH and viral abundance; however, significant relation-
ships between pH with VMR and LF were found (Figures S4 and
S5). In addition, pH appears to stimulate the bloom of free virus
abundance by inducing prophages, which results in decreased
FL and increased VMR (Figures S4 and S5).

3 | Viral Lytic-Lysogenic Transition Mechanisms

Despite numerous papers documenting the two dominant viral
life cycles (lysis versus lysogeny) and the co-evolution of viruses
and their hosts (Obeng et al. 2016; Pratama and van Elsas 2018;
Correaet al. 2021; Chevallereau et al. 2022), the mechanism trig-
gering the life cycle switch in the soil environment remains elu-
sive. Here, we divide the decision pathway of lysis-lysogeny into
three parts according to their molecular basis: host SOS trigger
factor (signals from hosts to viruses; B to V), quorum sensing
systems (B to V), and arbitrium systems (signals from viruses to
viruses; V to V). These three mechanisms are described in more
detail in the Supporting Information.

Both lytic and temperate phages can successfully infect their
host, but dramatically differ in their ability to reprogram the
host's metabolism (Ankrah et al. 2014; Rosenwasser et al. 2016;
Howard-Varona et al. 2020). During infection, temperate phages
tend to conserve energy by repressing energy-consuming pro-
cesses, such as motility and translation processes, and utiliz-
ing the host's translational machinery to replicate. In contrast,
lytic phages are likely to reprogram central carbon and energy
metabolism processes by overexpressing the related genes
and hijacking the host's tRNAs for translating their progeny

(Howard-Varona et al. 2020). The vastly different influence of
host metabolisms by different state phages implies different
effects on ecosystem and soil functions. Although the three
lytic-lysogenic transition mechanisms are widespread in soil en-
vironments (Ghosh et al. 2009; Stokar-Avihail et al. 2019; Liang,
Wagner, et al. 2020), it remains unclear how soil viruses favor
the lytic or lysogenic cycle in a given soil environment, let alone
how the transformation affects soil functions (Figure 2).

4 | Environmental Thresholds of Soil Viral
Life-Cycle Transformation

4.1 | Soil Temperature Threshold

All steps of viral infection are temperature dependent, such as
host encounter, absorption, injection of genetic material into host
cells, synthesis of viral progeny, and assembly/release of virions
(Wieczynski et al. 2023). Elucidating the effect of temperature
on soil viruses is crucial to understanding the interactions be-
tween soil viruses and their hosts, and thus the impacts on soil
functions. To date, there is no unifying concept concerning how
temperature affects the interactions between soil viruses and their
hosts. During an 8-year study of warming at the field scale, the
higher temperature increased microbial activities, which in turn
stimulated viral lysing, with more lytic viruses at higher tempera-
tures as assessed by screening CRISPR-Cas marker genes (Wu
et al. 2020). However, other studies suggest that warmer tempera-
tures reduce viral proliferation and activity (Straub et al. 1992;
Nasser and Oman 1999). For instance, in hot deserts, extracellular
viral abundance is too low to detect, and only when mitomycin
C is added to soils do viral particles increase (Prigent et al. 2005;
Adriaenssens et al. 2015). In contrast, soil viruses are abundant
in cold deserts, ranging from 2.3x 108 to 6.4x10® VLPs per gram
of soil (Williamson et al. 2007). The lysogenic cycle appears to be
more prevalent at higher temperatures, with 4.6%-21.1% bacterial
lysogens in cold desert soils compared to 84% bacterial lysogens in
hot desert soils (Fierer et al. 2007; Williamson et al. 2007).

Coupled with the results of a pure micromonas virus culture ex-
periment, we posit that a temperature threshold exists that regu-
lates the transition of viral life strategies (Figure 3 and Table S3),
with the threshold being close to the host's optimal growth tem-
perature (Topt) (Demory et al. 2017). At temperatures below Topt,
viruses replicate in the classical lytic cycle, with efficiency in-
creasing with temperature until Tyt is approached. At Toper the
shortest latent period, largest burst size, and fastest virus pro-
duction rate occur due to the high host metabolic activities, pro-
tein biosynthesis rates, and enhanced membrane permeability
for virus absorption (Demory et al. 2017). As temperatures rise
above T, even by 1°C, host resistance to viruses is dramati-
cally increased, and viral lytic infection strategies rapidly turn

to lysogenic cycles (Wu et al. 2020; Liao et al. 2023).

Based on these findings, the results from the 8-year soil warm-
ing experiment are consistent with temperature conditions
below Topt’ whereas the results of the desert soils are consistent
with conditions above T Of course, virus-host interactions
in desert soils may be jointly influenced by other factors, such
as hyperaridity and extreme oligotrophy (Zablocki et al. 2016;

Hwang et al. 2021). Another interesting finding is that viruses
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FIGURE2 | Three mechanisms regulating virus lysis-lysogenic transformation. (A) The SOS response only occurs when host DNA is irreversibly
damaged (Wegrzyn and Wegrzyn 2005). This regulatory mechanism is unidirectional from the lysogenic state to the lytic state. The regulators of
the SOS response influence virus and host metabolism and community structure in soil environments (Ghosh et al. 2009; Liang, Wagner, et al. 2020;
Xia et al. 2023). (B) The arbitrium system involves peptide communication from viruses to progeny viruses. (C) The quorum sensing system involves
peptide communication from hosts to viruses. Both the arbitrium system and the quorum sensing system are common in soils and can promote
the interconversion of the lysogenic and lytic cycles, depending on the concentration of peptides (Erez et al. 2017; Stokar-Avihail et al. 2019; Liang,

Wagner, et al. 2020).

retained lytic properties (61% of detected viruses were lytic) and
soil viral communities changed with their shifting host com-
munities during hyperthermophilic composting from 32°C to
>90°C (Liao et al. 2023). These findings provide important in-
sights as to how viral life strategy and virus-host interactions
might respond to temperature.

4.2 | Soil Moisture Threshold

Changing soil moisture conditions, regulated by precipitation
and evapotranspiration patterns, shape the connectivity and
activity of microbes, which in turn affect virus-microbe interac-
tions (Cao et al. 2022). Soil viruses change dynamically with the
bloom and decline of their hosts under different soil moisture
conditions (Van Goethem et al. 2019). Recent studies revealed a
consistent soil virus life strategy as a function of soil moisture:
the drier the soil, the more lysogenic phages, and the wetter the
soil, the more lytic phages. These relationships hold regardless
of whether the results are from laboratory or field conditions
(Hwang et al. 2021; Wu, Davison, Gao, et al. 2021; Wu, Davison,
Nelson, et al. 2021; Cao et al. 2022; Santos-Medellin et al. 2022).
For instance, the transcripts of lysogenic markers increased 20-
fold under drier conditions, and the richness of auxiliary meta-
bolic genes (AMGs) and related pathways showed a remarkable
increase (Wu, Davison, Gao, et al. 2021; Wu, Davison, Nelson,

et al. 2021). The AMGSs can enable microbial resilience to low
water stress and aid in the survival of their hosts under extremely
dry conditions, thereby protecting viral life in a mutualist rela-
tionship (Hwang et al. 2021). Despite the higher number of viral
contigs detected in drier soils, the total number of viral tran-
scriptional activities decreased by nearly 50%, indicating that
most of the viruses in dry soils are dormant (Wu, Davison, Gao,
et al. 2021). In sum, drier soils contained more dormant viruses
selected for lysogenic cycles and have a greater abundance and
richness of AMGs, consistent with the PtW model, whereas in
wetter soils, soil viruses bloom with their hosts, consistent with
the KtW model (Hwang et al. 2021; Jansson and Wu 2023). This
suggests that microbial density increases with reduced VMR
and enhanced lysogeny in drier soils, which gives the dominant
microbes a competitive advantage and reduces the growth op-
portunity of less abundant microbes, thereby resulting in lower
microbial community diversity. However, in wetter soils, the
higher microbial density and VMR resulted in enhanced lytic
infections that persistently killed the numerically dominant mi-
crobes, which promoted the growth of relatively less active spe-
cies and increased microbial diversity. In addition to these two
classical models, the interactions between soil viruses and mi-
crobes can demonstrate “Cull-the-Winner” dynamics during the
rewetting process (Santos-Medellin et al. 2023). This indicates
that, while viruses infect and cull dominant host populations,
they do not decimate them (Zhao, Liang, et al. 2025).
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FIGURE3 | Examples of environmental thresholds inducing soil viral life-cycle transformations. When the temperature is less than an assumed
temperature threshold of ~30°C, viral lytic infections increase with increasing temperature. Once the temperature exceeds this threshold, the viral
life cycle transforms from the lytic cycle to the chronic cycle. Assumed soil moisture thresholds range from 29.5% to 39.1%. Below the threshold, viral
AMGs increase with soil moisture, whereas above the threshold, AMGs decrease. Soil viruses turn to the lysogenic cycle when facing contaminant
stress to help their hosts survive via AMGs. Once above the stress threshold, viruses may decide to lyse their hosts. Table S3 provides additional de-

tails concerning environmental thresholds.

Across a soil water gradient, AMGs of viruses in intermedi-
ate moisture treatments were either the highest or the lowest
among all treatments (Wu, Davison, Nelson, et al. 2021; Cao
et al. 2022). Although the results appear inconsistent, they may
imply that there is a soil water content threshold that directly
affects phages or indirectly affects soil viruses by altering soil
biogeochemical conditions related to soil moisture (Figure 3
and Table S3). This inference follows from research results in-
dicating that phage activity was completely lost when SWC de-
creased to < 5% (Straub et al. 1992, 1993), whereas other studies
demonstrate that viral abundance was positively correlated with
SWC (Williamson et al. 2005; Roux and Emerson 2022). Further
studies are warranted to assess whether there is a soil water con-
tent threshold and how it mechanistically affects interactions
between phages and their hosts, as well as the extent to which
these results impact soil functions.

4.3 | Soil Contaminant Thresholds

With rapid urban and industrial development, soils are under
increasing anthropogenic pressure, exposing soil biomes to
extreme environmental stress (e.g., heavy metal pollution, pes-
ticide contamination, acid mine drainage). Soil microbial toler-
ance mechanisms in response to unfavorable soil environments
have been extensively studied (Griffiths and Philippot 2013;
Epelde et al. 2015). However, there is minimal research exam-
ining how soil viruses adapt to survive elevated levels of soil
contaminants. How do viruses respond to soil contamination
gradients? Does a contaminant threshold response exist for

viruses? To this end, we compiled related research results to
address these questions, including stress induced by chromium
(Cr), arsenic (As), organochlorine pollution (OCP), copper (Cu),
and acidic mine tailings (Jacquiod et al. 2018; Tang et al. 2019;
Gao et al. 2020; Huang et al. 2021; Zheng et al. 2022).

Regardless of soil contamination type, all soil viruses select for
lysogenic cycles and encode various AMGs to help their host
survive. More specifically, both the relative abundance of phage
integrase genes (0.1%-0.7%) and the lysogenic fractions of the
bacterial community (1.54 to 22.84 VLPs/cell) significantly in-
creased along a Cr pollution gradient (0.11 to 465mg Cr/kg).
These responses help their hosts to survive under Cr stress, as
most of the membrane transporter genes (>77.0%) and reduc-
tase genes (> 61.7%) were detected in lysogenic viromes (Huang
et al. 2021). Similarly, the lysogenic viral lifestyle was more
prevalent in extremely acidic sulfidic mine tailings and OCP-
contaminated soils (Gao et al. 2020; Zheng et al. 2022). Moreover,
pesticide degradation genes were enriched in viral AMGs under
OCP exposure. The AMGs can help bacteria degrade OCP and
survive by transferring proteins that actively degrade monochlo-
roacetate (MCA) and S(L)-2-chloropropionic acid (S(L)-2-CPA)
haloacid precursors into E. coli after cloning virus-encoded L-2-
haloacid dehalogenase (Zheng et al. 2022).

Under some extreme environmental stresses, lysogenic
phages revert to lytic cycles, which may imply the existence
of a response threshold. For example, the average abundance
of lysogenic phages in As-contaminated soil followed: highly
As-contaminated (4.96%)>very highly As-contaminated
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(3.93%)>moderately ~ As-contaminated  (2.52%) (Gao
et al. 2023). A similar trend of first increasing and then de-
creasing lysogenic phages was found along a benzo[a]pyrene
environmental stress gradient. This research further clari-
fied that changes in SOS response genes (e.g., recA and lexA)
were responsible for the shift in lysogenic phage abundance
(Xia et al. 2023). The down-regulation of the SOS response
and DNA metabolism in semi-contaminated plots and up-
regulation in hotspot plots were compared to control plots in a
century-long soil Cu contamination study. This research doc-
umented that under low environmental stress, viruses switch
to a lysogenic state to help their host survive, whereas, when
the stress exceeds the host's tolerance, the virus reverts to the
lytic state (Jacquiod et al. 2018).

Although lysogenic cycles are favored under environmental stress
and response thresholds may exist (Figure 3 and Table S3), the
impact of soil phage-host interactions on soil ecosystem functions
depends on the type and degree of soil contamination. For in-
stance, viral AMGs can assist bacteria in degrading OCPs, which
may reduce the level of pesticide contamination in soil (Zheng
et al. 2022). However, lysogenic viruses may increase soil toxicity
to a greater extent and threaten other soil biomes if they help their
host to survive under As stress, as the reduction of As(V) to As(III)
is a common defense mechanism for bacteria (Tang et al. 2019).

5 | Effects of Soil Viruses on Food Webs and the
One Health Concept

The above discussion addressed the distribution of soil viruses
in different soil ecosystems and relationships with their hosts
from the molecular to cellular level. We now address how these
widespread viral impacts on their hosts affect ecological and
soil functions. We have summarized the relevant literature and
discuss three primary aspects: nutrient cycling, environmental
stress, and selected aspects of the One Health concept.

5.1 | Impacts on Nutrient Cycling

Viral lysis affects soil carbon cycling through two primary
mechanisms, namely the “viral shunt” and “viral shuttle”. The
viral shunt mechanism refers to lysate organic matter being
recycled into the microbial food web and reutilized by the
surviving microbes. In contrast, the viral shuttle mechanism
describes the cell debris and other lysis products that are aggre-
gated and retained in the environment for an extended period
of time (Zimmerman et al. 2020). While these two mechanisms
undoubtedly influence the fate of soil carbon, the quantitative
extent of each mechanism remains unknown, especially across
contrasting soil ecosystem types. Stable isotope labeling tech-
niques have been applied to demonstrate that soil viruses can
successfully exploit host metabolic processes for the assembly
of progeny phage particles (Li et al. 2013). This causes carbon
flows to different trophic levels of soil microbial food webs (Lee
et al. 2021), even involving cross-kingdom interactions in the
overarching soil food web (Starr et al. 2021). Nevertheless, the
carbon flux associated with viral lysing requires further assess-
ment to quantify the role that viruses play and to eliminate the
noise created by cross-feeding among microorganisms.

Scientists have not yet reached a consensus concerning how
lysate DOM influences the fate of soil carbon, whether stimu-
lating soil carbon efflux due to the priming effect or promoting
soil carbon storage via the retention of recalcitrant compounds.
For example, viral lysis has been shown to significantly increase
soil carbon mineralization, based on the viral shunt mechanism
(Bonetti et al. 2021; Albright et al. 2022; Wang, Yu, et al. 2022),
whereas other studies found that active viruses suppress CO, re-
lease by causing microbial cell mortality (Wei et al. 2021). More
recently, Tong et al. (2023) ascribed the effect of viruses on soil
carbon mineralization to the tradeoff between the rate of bacte-
rial mortality caused by viruses and the utilization of the nutri-
ents released by the surviving microbial community. They were
the first to demonstrate that the “viral shuttle” is active in soil, as
documented by the accumulation of recalcitrant DOM. In addi-
tion to the DOM fraction, soil viruses can also influence mineral-
associated organic C, which is intimately coupled with the N cycle
(Tong et al. 2025). For example, Wu, Wan, et al. (2022) demon-
strated that virus-bacteria interactions can augment the retention
of microbial necromass carbon (increased by 19.8%-47.4%) and
nitrogen (increased by 43.6%-57.7%) in soil ecosystems, which has
been recognized as an effective mechanism for soil carbon seques-
tration (Liang et al. 2017). Due to the viral impact on soil microbial
necromass and the complex interactions between lysate DOM and
minerals, the concepts of a virus-mediated soil microbial carbon
pump and soil mineral carbon pump have been proposed (Tong
and Xu 2024). However, additional systematic studies examining
soil viruses and carbon cycling are required to determine whether
soil viruses provide a net “carbon sink” or “carbon source” across
a variety of soil environments.

In addition to organic C, inorganic C can be an important carbon
pool in soils (Huang, Song, et al. 2024). It has been demonstrated
that viruses can directly participate in mineral precipitation pro-
cesses, such as by forming magnesium carbonate nanospheres
(80-200nm) during diagenesis through amorphous magnesium
silicate permineralization (Pacton et al. 2014; Xie et al. 2023).
This opens the field of “geovirology” to address the extent to
which soil viruses influence the cycling of soil inorganic C.
Moreover, autotrophic bacteria and enhanced rock weathering
have been shown to reduce atmospheric CO, via contrasting re-
actions. The former mainly fix CO, based on the Calvin-Benson-
Bassham cycle, with C assimilation rates reaching 0.6-4.9 Pg
yr! (Pg=10'g), whereas the latter chemically degrade silicate
rocks, removing 6-30 Mt CO, yr~* (Beerling et al. 2020, 2025; Li
et al. 2021). Understanding how soil viruses participate in these
two CO, removal processes may enrich our understanding of
virus-triggered soil C sink processes and provide new strategies
for attenuating atmospheric CO, concentrations (Figure 4).

The inherent heterogeneity of soils makes ascertaining the in-
teractions between soil viruses and their hosts difficult to as-
sess in time and space (Pratama and van Elsas 2018). Many soil
factors and their interactions can alter the abundance and com-
munities of viruses and their hosts, such as temperature (Liao
et al. 2023), soil water content (Nicolas et al. 2023), soil depth
(Liang et al. 2019), and soil nutrient status (Liang et al. 2021).
Integrating the functions of soil viruses into soil carbon bio-
geochemical models will improve the precision and accuracy
of these models. As an example, the strong positive correlation
between viral abundance and CO, production as opposed to
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FIGURE 4 | The impact of viruses on soil carbon and nutrient cycling. 1. The “viral shunt” mechanism refers to lysate cellular matter being re-
cycled/reutilized by the surviving heterotrophic microbes. This reduces the energy flow to higher trophic levels and increases microbial carbon-use
efficiency (CUE). 2. The “viral shuttle” mechanism describes the cell debris, recalcitrant DOM, microbial necromass and other biological necromass
(e.g., protist necromass) that adsorbs to soil minerals or forms aggregates, thereby attenuating carbon/nutrient mineralization and promoting soil

organic matter sequestration.

bacterial abundance could considerably affect the source/sink
dynamics of soil C (Pan et al. 2014).

Soil viruses can further affect soil N and P cycling (Huang,
Zhou, et al. 2024). Multiple pathways within the soil nitrogen
cycle are purported to be affected by soil viruses, including am-
moxidation (Lee et al. 2023), nitrification (Lee et al. 2023), nitro-
gen fixation (Wang, Liu, et al. 2022), and nitrate reduction (Pan
et al. 2014). These interactions resulted in a 55% decrease in ni-
trogen fixation capacity and a nearly 10-fold increase in ammo-
nium concentrations (Braga et al. 2020; Wang, Liu, et al. 2022).
Soil viruses may also contribute to soil microbial and plant P
limitation as P is recycled by viruses for the synthesis of virion
nucleic acids, rendering it inaccessible to microbes and plants
(Kuzyakov and Mason-Jones 2018). Alternatively, microbial P
limitation can be alleviated by P recycling through viral lysis
(Tong et al. 2023). Phosphorus cycling and alteration of the soil
C/N/P stoichiometry require further investigation to better un-
derstand the overall effects of soil viruses on nutrient cycling.

Soil viruses can reprogram their hosts’ nutrient metabolism
with AMGs, which may confer enhanced substrate utilization
capabilities to dominant copiotrophs (Wang et al. 2024). This
increases the host's competitiveness and adaptability to harsh
environments, akin to the “piggyback the winner” model (Xu
et al. 2024; Liu et al. 2025). In addition to virus effects on SOC
turnover, 23.7% of the identified AMGs carried by paddy soil
viruses were associated with carbon fixation (Zhu et al. 2024).
Nearly all the related research concerning soil virus domains
place viruses as the top “predator” in their food chains, however,

viruses also can serve as a food source, namely “virovory”
(DeLong et al. 2023). It is estimated that 33%-85% of viruses
can be removed by bacterial breakdown and protist grazing
(Gonzalez and Suttle 1993; Martinez et al. 2024). These pro-
cesses transfer viral C and N back into the microbial loop.

5.2 | Effects of Viruses on Soil Functions
5.2.1 | Food Security, Safety and Quality

Soil viruses are a key component of soil health and One Health
concepts, but often receive little or no attention (Figure 5). Yet,
integrating viruses is critical to successfully achieving the goals
of soil health and One Health (Singh et al. 2023). The role of soil
viruses in soil health/functions remains largely unclear at this
time. For example, the urgent need to improve crop yields and
quality to feed a growing global population is of critical societal
importance (Carvajal-Yepes et al. 2019). Soil viruses can dra-
matically threaten food security, safety, and quality by notably
reducing plant height, fresh biomass, and nitrogen content by
enhancing the pathogenicity of soil pathogens (e.g., Fusarium
and Rhizoctonia) (Wanget al. 2018; Abdoulaye et al. 2019; Sutela
et al. 2019; Wang, Liu, et al. 2022). Moreover, soil viruses were
implicated in increasing As(III) concentrations by as much as
214%, which further signifies an increased soil ecotoxicity and
ecological risk (Tang et al. 2019).

Even though soil viruses increase the potential risk of ARG dis-
semination, ARGs integrated by viral genomes in soil are much

8of 15

Global Change Biology, 2025

519017 SUOLIWIOD SAIERID) 8[91 ddke aU) Ag PoLBAOB 1 DI WO ‘38N J0 SINJ IO ARic]| ] BUIUO AB]IA O (SUO1HIPUGO-DUE-SWLB WO A3 v ARe. 1BU 11UO//'SA1Y) SUO1IPUOD PUE SWLB 1 34} 395 [9202/T0/20] U0 ARIGIT BUIIUO /B1IM ‘SIAeQ -BILIOJIED JO AISPAIUN Ad 09702 GOB/TTTT OT/I0pLCY" AB|IM Ae1q] [Bul U0/ SANY WO} Papeojumoq ‘8 ‘G207 ‘987ZS9ET



)
U]
As(v) ZsCt

As(ll) ¢

Plant yield *
Plant heigmi
Fresh mass

SARS-CoV

FIGURES5 | Viral hazards in the soil environment. Soil viruses can increase the spread of ARGs and virulence genes, thereby threatening human

and ecological health. Soil viruses can increase arsenic toxicity and reduce food production and quality. Exotic viruses in soil, such as SARS-CoV,

can become a secondary source of infection.

lower than those in other ecosystems (e.g., marine and fresh-
water) (Debroas and Siguret 2019; Chen, An, et al. 2021; Liao
et al. 2022a). Intriguingly, soil viruses harbor the greatest rich-
ness of ARGs, and a higher proportion of predicted ARGs occur
in prophages rather than in free viruses, which contrasts with
other ecosystems (Debroas and Siguret 2019). Compared to the
low percentage of virus-encoded ARGs in soil, soil viruses may
be a major reservoir of virulence factors, with 4.0% of ARGs en-
coding at least one virulence gene and nearly 89% of virulence
genes detectable from soil viruses (Bi et al. 2023). In addition,
the potential risk for the viral spread of virulence genes across
biomes may increase risks to human health via food chain
transfers (Bi et al. 2023). There are also growing concerns about
pathophoresis as permafrost thaws, especially as more viruses
are being detected in permafrost. Although the viruses viable in
ancient permafrost do not necessarily pose a threat to humans,
some RNA viruses have yet to enter potentially infectious eu-
karyotes, including humans (Wu, Wan, et al. 2022; Wu, Bottos,
et al. 2022; Jansson and Wu 2023).

5.2.2 | Secondary Source of Pathogenic Viruses
Although the likelihood of autochthonous viral pathogens in-

fecting humans or other animals appears to be low (Wu, Trubl,
et al. 2022), soil can serve as a secondary source for spreading

pathogenic viruses, including vertebrate viruses and SARS-
CoV-2 (Zhang et al. 2021; Wu, Bottos, et al. 2022; Zhao, Wang,
et al. 2025). Pathogenic viruses such as SARS-CoV can be intro-
duced into soils through the disposal of municipal and hospital
wastes, including the irrigation and fertilization of food crops
with infected wastewater and sewage sludge (Zand and Heir
2020; Iyer et al. 2021). The survival time of pathogenic viruses in
the soil environment can range from15-25days to 60-90days,
depending on soil type, temperature, moisture, pH, clay con-
tent, organic matter, and other soil physicochemical proper-
ties (Gutierrez and Buchy 2012; Anand, Adelodun, et al. 2021;
Anand, Bianco, et al. 2021). Further, crops can internalize soil
viruses, allowing them to remain viable for 3-5weeks (Badawy
et al. 1990; Anand, Bianco, et al. 2021), as well as accelerate dis-
ease transmission and the risk of human reinfection via food
chain exposure. Given these ecosystem and public health con-
cerns, further studies are strongly warranted to monitor the pos-
sible spread of the pathogenic viruses in the soil and determine
the possible routes of contamination.

5.2.3 | Maintaining Soil Microbial Youth and Diversity
Through viral lysis predation, regenerating soil bacterial cells

remain in a young state, helping to maintain the stability of
the entire community structure over long periods (Kuzyakov
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and Mason-Jones 2018). Soil viruses can also help their hosts
survive in stressful environments, such as burnt soil (Nelson
et al. 2022), permafrost (Ettinger et al. 2023) and deep soils
(Liang, Zhang, et al. 2020). The frequency and severity of wild-
fires are rapidly increasing with climate change, which has
profound effects on terrestrial ecosystems, such as extreme soil
temperature/moisture dynamics, altered nutrient cycles, and
soil erosion (Benavides-Solorio and MacDonald 2005; Parks
and Abatzoglou 2020; Higuera and Abatzoglou 2021; Jansson
and Wu 2023). The reduced soil microbial biomass and commu-
nity diversity caused by wildfires can inhibit post-fire recovery
(Ibanez et al. 2022). However, soil viruses facilitate microbial
growth in this harsh environment by encoding AMGs and
manipulating cell growth (e.g., pyrimidine ribonucleotide bio-
synthesis), which stimulates biological recovery after severe
wildfires (Nelson et al. 2022).

Lysogeny becomes the main viral reproduction strategy in or-
ganic carbon and oxygen depleted subsoil horizons, as indi-
cated by a lysogenic fraction of more than 50% (Liang, Zhang,
et al. 2020). Additionally, subsurface soil viruses may inter-
act more closely with their hosts to become more involved in
microbial-mediated processes. This is reflected by the increased
relative abundance of phage infection cycle proteins and func-
tional protein-coding genes (Liang et al. 2019).

5.2.4 | Green and Sustainable Bacteriophage Therapies

Bacteriophage therapies exploit the specific lytic properties of
virulent phages to treat pathogenic bacterial infections and are
especially attractive for inactive super-pathogenic bacteria with
multidrug resistance (Ye et al. 2019). Compared to antibiotics,
phage therapy is safer and more environmentally friendly, not
only because of its specific targeting, but also because phage
abundance declines as hosts diminish, thereby maintaining
the stability and diversity of microbiomes (Watts 2017; Wang
et al. 2019). Single phage therapy has been extended to phage
cocktails and polyvalent phage therapies to better control
bacterial plant pathogens (e.g., Ralstonia solanacearum and
antibiotic-resistant bacteria) (Sun et al. 2019; Wang et al. 2019;
Zhao et al. 2019; Yang et al. 2023). In terms of pathogen-
eradication efficiency, phage cocktails have proven the most
effective, followed by polyvalent phage and single phage treat-
ments (Yu et al. 2017; Zhao et al. 2019). However, when eco-
logical disturbance is taken into account, polyvalent phages are
considered the most advantageous technique (Ye et al. 2019).
Limitations of phage treatments include a time-consuming and
difficult-to-control isolation process, as well as their inability to
infect a wide range of pathogenic strains.

To date, only strictly lytic phages have been selected for phage
therapy. Temperate phages are not favored for phage therapies
due to their inherent ability to integrate their genomes into
hosts, which may increase the transmission of bacterial viru-
lence and ARGs. This is unfortunate since lysogenic phages are
so abundant in nature and could provide a tremendous asset in
phage therapies (Touchon et al. 2016). With the development of
advanced synthetic biology approaches, the use of abundantly
available temperate phages in phage therapies could provide
broad application prospects (Monteiro et al. 2019). For instance,

engineered temperate phages can interfere with bacterial in-
tracellular processes, causing bacterial cell death, re-sensitize
the bacteria to antibiotics, or even reconstitute them to the lytic
phase, such as strictly lytic phages (Yosef et al. 2015; Kilcher
et al. 2018; Monteiro et al. 2019). Genetic engineering-based
phage therapy for both lytic and lysogenic phages still requires
further investigation and extensive trials.

6 | Conclusions and Future Perspectives

In this review, we have extended the soil virus abundance data-
set (N=691) and, for the first time, added data on the lysogenic
fraction of soil viruses. This expanded dataset showed that soil
viruses are most abundant in wetland, grassland, and agricul-
tural soil ecosystems, as opposed to forest soils, previously be-
lieved to have the highest abundances. Importantly, we found
a threshold (microbial abundance ~4.57x 107 g~! soil and VMR
~58.21) relationship between VMR and microbial abundance.
Below the threshold, the relationship between viruses and mi-
crobes is consistent with the KtW model, whereas above the
threshold, the PtW model appears to prevail. Moreover, the
molecular mechanisms regulating viral lysis-lysogenic trans-
formation were grouped into three categories: SOS response,
quorum sensing system, and arbitrium system. Remarkably,
all three mechanisms were shown to be widespread in the soil
environment.

By coupling the results of microcosmic incubation experiments
and bioinformatic analysis in response to soil environmental
stressors, we propose the concept of a response threshold and
suggest that environmental thresholds may induce the conver-
sion between the viral lytic and lysogenic states, which may
subsequently affect several soil functions. Finally, we system-
atically demonstrated the effects of soil viruses on several soil
ecological functions, including crop yield/quality, ARGs and
virulence gene spread, soil toxicity, and as a secondary source of
pathogenic viruses. This is the first review to highlight the im-
portance of the viral shuttle mechanism for soil carbon seques-
tration, and the importance of soil viruses to the One Health
concept.

Although much has been accomplished in the study of soil vi-
ruses, there are many outstanding questions that need to be
resolved to further advance the understanding and application
of soil viruses to soil management and the One Health concept:
(1) How many viruses are there in the global range of soil en-
vironments? (2) To what extent can AMGs affect the host and
resulting soil functions? (3) All three regulatory mechanisms
for transforming the viral lysis-lysogenic state are associated
with the KtW model, but their roles under the PtW model re-
main unclear. Are there new regulatory mechanisms or just dif-
ferent communication peptides? (4) What are the effects of the
viral shunt, viral shuttle, and virovory on soil nutrient cycling
and related soil functions? (5) Can biomarkers of viral residues
be found, similar to microbial necromass, to facilitate easy and
accurate quantification of virus effects on soil carbon/nutrient
pools? (6) Are there widespread viral response thresholds to
environmental stresses such as drought, flooding, freezing, pol-
lution, circadian rhythms, etc.? If so, what triggers them, and
how do they affect soil functions? (7) How do viruses and hosts
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respond in the context of feedback to global climate change? (8)
Does the role of soil viruses in the presence of multitrophic or-
ganisms (i.e., soil food webs) amplify or diminish in real-world
soil environments? (9) How do soil viruses participate in atmo-
spheric CO, removal processes (i.e., autotrophic bacteria and
rock weathering), and to what extent do they reflect the role of
virus-triggered soil C sinks? 10). Is it possible to combine soil vi-
ruses into prebiotics or to use genetically engineered phage ther-
apies to reduce pests and diseases for improving soil, plant, and
human health? By answering these questions, several knowl-
edge gaps concerning soil virology will be filled and several new
questions will emerge, thereby facilitating a deeper understand-
ing of the soil viral dark matter and its potential applications in
soil management.
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