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ABSTRACT

Background and Aim: African swine fever virus (ASFV) has expanded beyond its traditional ecological niches, raising concerns
not only for animal health but also for environmental sustainability. While extensive research has focused on its persistence
and transmission, little is known about its ecological effects in soil systems. This study aimed to investigate the influence of
ASFV on soil microbial biomass, biodiversity, and associated ecological parameters.

Materials and Methods: Eighteen anthrosol soil samples collected from agricultural regions of Armenia were subjected to
controlled experimental conditions. Soil samples were treated with active ASFV (aASFV), inactivated ASFV (iASFV), and mock
controls. Physicochemical properties, including pH and moisture content, were assessed. Microbial biomass was evaluated
through soil protein quantification and viral nucleic acid (DNA and RNA) measurements. Microbial diversity was analyzed by
enumerating culturable bacteria and fungi using selective media. Dissolved oxygen levels were measured to assess microbial
activity. Quantitative real-time polymerase chain reaction was employed to evaluate viral genome dynamics and
transcriptional activity. Statistical analyses were performed to determine correlations among measured variables.

Results: ASFV exposure resulted in a general reduction in total microbial biomass, as evidenced by decreased soil protein
content and viral nucleic acid concentrations in most samples. In contrast, microbial diversity, particularly among bacterial
and fungal populations, showed an increasing trend, suggesting a restructuring of the microbial community. Active ASFV
induced greater changes compared to the inactivated virus. A significant positive correlation was observed between protein
content and microbial indicators, while a negative correlation was noted between oxygen levels and nucleic acid content.
Viral transcriptional activity was detected in selected samples, with no evidence of complete viral replication. Limited
detection of giant viruses suggested potential but inconclusive ecological interactions.

Conclusion: ASFV alters soil ecosystems through complex, multidirectional effects, characterized by reduced biomass and
increased microbial diversity. These findings indicate that ASFV may indirectly influence soil ecological processes, even in the
absence of active replication. The study highlights the importance of incorporating environmental perspectives into ASFV
research and provides a foundation for future investigations on virus—soil-microbiome interactions.

Keywords: African swine fever virus, biodiversity, environmental virology, microbial biomass, quantitative real-time
polymerase chain reaction, soil ecology, soil microbiome, viral ecology.
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INTRODUCTION

The African swine fever virus (ASFV) has demonstrated a remarkable capacity to adapt and persist in regions
lacking its primary natural reservoir, the tick Ornithodoros moubata. Furthermore, ASFV can persist and sustain
transmission cycles in the absence of African wild suids, such as bushpigs and warthogs, which typically sustain
viremia without developing clinical disease and thus serve as natural reservoirs for the virus [1, 2]. This ecological
flexibility highlights ASFV's ability to establish itself in novel environments beyond its traditional epidemiological
boundaries.

Evidence regarding the broader ecological consequences of ASFV remains limited. However, one of the few
studies investigating indirect ecological effects reported that ASFV outbreaks affected raven populations [3].
Additionally, ASFV has been shown to act as a potential nutritional source for ciliates [4]. These findings suggest
that ASFV may participate in ecological interactions extending beyond classical host—pathogen dynamics. Such
interactions raise the possibility that ASFV influences ecosystem processes indirectly by interacting with non-host
organisms.

The soil environment plays a fundamental role in sustaining terrestrial ecosystems by providing essential
services, including nutrient cycling, support for plant growth, water storage and purification, and the maintenance
of biodiversity. Soil ecosystems host a vast diversity of organisms, particularly microorganisms that drive key
biochemical and ecological processes. Healthy soils are therefore critical for agricultural productivity, climate
regulation through carbon sequestration, and the preservation of ecosystem stability.

The environmental fate of animal viruses in soil has been described previously [5], and similar mechanisms
are likely to apply to ASFV. Potential pathways for ASFV introduction into soil include contamination through
grazing by infected pigs and the deposition and decomposition of carcasses of infected animals, which can serve
as significant sources of environmental viral load [6]. Most existing studies addressing ASFV in soil environments
have primarily focused on viral persistence and survival duration [7, 8] or on strategies for virus inactivation and
elimination [9, 10].

Environmental factors such as pollutants, elevated temperatures, acidic pH, solar radiation, and soil structure
are known to influence viral survivability in soil matrixes [5]. Notably, ASFV has been reported to remain stable
under a wide range of conditions, particularly in non-acidic soils [7]. Despite these advances, research on ASFV in
environmental contexts has largely focused on persistence and inactivation dynamics, with comparatively little
attention to its potential ecological effects on soil microbial communities.

Viruses are increasingly recognized as important ecological drivers in diverse ecosystems. They play critical
roles in regulating microbial biomass, shaping community diversity, and influencing nutrient cycling processes. In
soil ecosystems, viruses contribute to the structuring of microbial communities by affecting their composition,
abundance, and functional activity [11, 12]. These roles suggest that ASFV, despite being primarily an animal
pathogen, may also exert indirect ecological effects within soil environments.

Although ASFV has been extensively studied in the context of transmission dynamics, host-pathogen
interactions, and environmental persistence, its ecological impact on soil microbial systems remains poorly
understood. Existing studies have predominantly focused on survival kinetics and inactivation strategies, leaving
a critical gap in understanding how ASFV influences microbial biomass, biodiversity, and ecosystem functioning.
Moreover, no integrative studies have simultaneously examined molecular, microbiological, and physicochemical
parameters to evaluate ASFV—soil interactions under controlled experimental conditions. This lack of
multidimensional investigation limits the ability to interpret ASFV within a broader ecological and One Health
framework, particularly regarding its indirect effects on non-host organisms and soil ecosystem processes.

The present study was designed to address these knowledge gaps by systematically evaluating the ecological
effects of ASFV on soil microbial systems. Specifically, the study aimed to assess the impact of ASFV on key
indicators of soil ecosystem function, including microbial biomass, biodiversity, and associated environmental
parameters. To achieve this, both active ASFV (aASFV) and inactivated ASFV (iASFV). were introduced into
controlled soil microcosms, allowing differentiation between potential replicative and non-replicative effects.

The study further aimed to quantify changes in soil microbial biomass using protein content and viral nucleic
acid measurements, and to evaluate shifts in microbial diversity by enumerating culturable bacteria and fungi. In
addition, the investigation sought to analyze ASFV genome dynamics and transcriptional activity using gPCR,
alongside assessing physicochemical parameters such as DO, which reflect microbial metabolic activity. By
integrating these approaches, the study aimed to determine whether the presence of ASFV is associated with
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measurable ecological shifts in soil systems.

Ultimately, this work aimed to test the hypothesis that ASFV can act as an indirect ecological modulator,
influencing soil microbial communities and ecosystem processes even in the absence of productive viral
replication. The findings are intended to expand the current understanding of ASFV beyond its role as a livestock
pathogen, highlighting its potential environmental significance and contributing to a more comprehensive One
Health perspective.

MATERIALS AND METHODS
Ethical approval

Soil sampling and experimental procedures were conducted in accordance with the environmental
regulations of the Republic of Armenia. All sampling sites were located on agricultural lands and did not involve
protected ecosystems, endangered species, or restricted areas; therefore, no specific environmental permits were
required. The study design complied with national and institutional guidelines for environmental research and
biosafety.

All laboratory procedures involving ASFV were performed in compliance with established biosafety
regulations for handling high-consequence animal pathogens. Experimental work was conducted in a certified
biosafety facility under controlled conditions, following standard operating procedures for containment,
decontamination, and waste disposal. Personnel involved in the study were trained in biosafety practices, and
appropriate personal protective equipment was used throughout all experimental procedures. Handling of
infectious material, including preparation of viral inoculum and disposal of contaminated samples, was carried
out in accordance with institutional biosafety guidelines to prevent environmental release and cross-
contamination.

The study protocol was reviewed and approved by the Ethics Committee of the Institute of Molecular
Biology, National Academy of Sciences of the Republic of Armenia (IRB No. 00004079, 2013; Protocol No. 5, May
25, 2018; and IRB No. 06042021/1, 2021). The committee confirmed that the study did not involve live animal
experimentation or human subjects. Biological materials used for virus propagation were obtained from
previously established laboratory sources, and no animals were sacrificed specifically for this study.

All experimental procedures, including soil handling and post-experimental processing, were performed
under strict biosafety conditions. At the end of the experiment, all soil samples and biological materials were
sterilized by autoclaving (121°C, 2 atm, 20 min) before disposal. These measures ensured compliance with
institutional, national, and international standards for biosafety and environmental protection.

Soil samples were collected in accordance with the environmental regulations of the Republic of Armenia.
All sampling sites were located on agricultural land and not within protected or restricted natural areas; therefore,
no specific environmental permits were required for sample collection. Sampling activities did not involve
protected species or ecosystems, and no ethical limitations affected the sample size. The studies were reviewed
and approved by the Ethics Committee of the Institute of Molecular Biology NAS RA (IRB 00004079, 2013; Protocol
N5, May 25, 2018). The study protocol was approved by the Ethics Committee of the Institute of Molecular
Biology, NAS RA (IRB 06042021/1, 2021).

Study period and location
The study was conducted from March to May 2023 at Institute of Moleucular Biology NAS RA.
Soil sampling and pre-experimental preparation

Eighteen anthrosol soil samples were collected from agricultural areas located in different regions of the
Republic of Armenia. Soil was collected from the top layer (1 cm depth) using sterile stainless-steel tools to avoid
cross-contamination. The sandy, coarse texture of the soils was determined using the standard field texture
classification (hand-feel method). Types of soil samples are presented in Figure 1. Immediately after collection,
samples were placed in sterile, airtight containers and transported to the laboratory under refrigeration.

Prior to analysis, soils were homogenized and sieved through a sterile 2-mm mesh to remove plant debris,
insects, and stones. Experimental procedures were performed immediately after sample preparation. Soil
microorganisms and the impact of ASFV on them were studied in hermetically sealed 10 mL glass test tubes fitted
with rubber stoppers. Five grams of soil were placed at the bottom of each tube and evenly distributed. Distilled
water was added to restore soil moisture to the initial level measured directly at the sampling site.

The experimental setup was based on a previously described method [13], with minor modifications. Soil
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moisture content corresponded to field-measured values and, due to the hermetic sealing of the tubes, remained
constant throughout the experiment. Samples were maintained under a controlled light regime (approximately
12 h light/12 h dark) without aeration. At the end of the experiment, all samples were sterilized by autoclaving
(121°C, 2 atm, 20 min).

bl | LU e s
123456383 pHnt

TN s

Figure 1: Appearance of soil samples used in the study, with corresponding pH values and geographic locations.
Soil physicochemical analyses

Soil pH was measured using a pH meter (Chek-Mite, Corning, Corning, NY, USA; and Checker 1, Hanna
Instruments, Woonsocket, RI, USA) in a 1:2.5 mass/volume soil-water (carbon dioxide-free) suspension. In each
sample, 10 g of fresh soil was used to estimate the soil moisture by drying at 105°C to constant weight.

Table 1: Geographic coordinates and soil pH.

Sample GPS pH Location

1 40.33167625728285, 44.27391301268196 7.9-8.0 Byurakan

2 40.452311766223744, 44.64815076904667 8.5-8.6 Bjni

3 40.53371139684385, 44.72941577666204 7.3-7.4 Tsaghkadzor
4 40.40425423195387, 44.65097734092307 8.0-8.1 Charencavan
5 40.25414519796667, 44.60891718905431 8.2-8.3 Balahovit

6 40.270667994645585, 44.64020492895526 7.6-7.7 Abovyan

7 40.53845214408896, 44.775542195967724 7.2-7.3 Hrazdan

8 40.23754414746858, 44.63224116429301 7.4-7.5 Mayakovskiy
9 40.30163567493677, 44.6039541792764 7.8-7.9 Arzni

10 40.23943989242119, 44.66981322106209 7.9-8.0 Aramus

11 40.75260860531232, 44.86589156709833 7.7-7.8 Dilijan

12 40.046654815189676, 44.43697455495611 8.0-8.1 Masis

13 40.15627979223782, 44.28599564498187 8.0-8.1 Echmiadzin
14 40.172135418475825, 44.37740469399416 8.4-8.5 Musaler

15 40.156066086953786, 44.46731835597348 7.6-7.7 Yerevan

16 40.551582343289525, 44.953208171361496 7.7-7.8 Sevan

17 40.63066669671516, 43.98939753750928 8.0-8.1 Artik

18 40.81060385896342, 44.515264162080214 7.8-7.9 Vanadzor
ASFV

The ASFV Armenia 07 virus was used in this study [14]. For all subsequent soil experiments, a working dose
was prepared from a homogenate of ASFV-infected pig tissue, and the virus titer was determined in primary
porcine alveolar macrophage (PAM) cultures [15]. After 1 h of adsorption at 37°C, the infected cell monolayer was
washed twice to remove unbound viruses. Afterward, complete medium was added, and the samples were
incubated for the indicated analysis time. The virus was collected after 72 h post-infection.

The viral titers were determined in all investigated samples using the hemadsorption microtest at HADU, as
described previously [16, 17], and expressed as logl0 HADU50/mL. A working dose of 10* HADU was used in the
experiments. In parallel, viral genome copies were measured by gPCR.

Soil samples were randomly assigned to groups: control raw soil sample; ASFV-inoculated soil (10*
HAD50/mL, ASFV Arm07); iASFV; and cells treated with infection buffer only (mock-infected control), which served
as a negative control. Inactivated ASFV was obtained by heat treatment at 60°C for 1 h. Successful inactivation
was confirmed by the absence of viral replication in PAM cultures in three independent assays.

Soil viral DNA and RNA extraction, cDNA synthesis

Soil viruses are increasingly recognized as key regulators of microbial communities and biogeochemical
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cycles [18]. Therefore, viral nucleic acids were assessed to characterize the viral component of the soil ecosystem
and its potential contribution to total biomass and community dynamics. The effect of ASFV on soil viral
communities was investigated by extracting DNA and RNA from all soil samples.

From each sample, ground soil (0.5 g) was used to extract DNA and RNA. First, the samples were dissolved
in distilled water at a ratio of 1:10. Total RNA/DNA from homogenized samples was isolated using the HiGene™
Viral RNA/DNA Prep Kit (BIOFACT, Yuseong-gu, Daejeon, Republic of Korea, Cat. No. 101-100), following the
manufacturer’s instructions. All RNA/DNA samples were treated with DNase (Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA) to remove genomic DNA contamination for transcriptomic analysis. RNA/DNA
samples were then reverse transcribed with FIREScript® RT cDNA synthesis Kit (Solis Biodyne, Tartu, Estonia).

A NanoDrop spectrophotometer (Thermo NanoDrop 1000 Spectrophotometer, NanoDrop® ND-1000 UV-Vis,
v3.8) was used to determine the concentration and quality of extracted DNA. A260/280 values were acceptable.
A ratio of approximately 1.8 is considered “pure” for DNA, whereas a ratio of approximately 2.0 is considered
“pure” for RNA. Purity assessment was performed to ensure the suitability and reliability of downstream gqPCR
analysis.

Soil protein content

Total soil proteins provide a comprehensive picture of the physiological and functional state of the soil
community. Soil protein content was measured according to a previously described method [19], with slight
modifications as described by Hurisso et al. [20]. Modifications included increasing the centrifugation force to
3,100 x g for 15 minutes to ensure a clearer supernatant, and using pre-autoclaved, sterile tubes to prevent
microbial contamination.

and by adjusting the soil-to-extractant ratio to 1:8 using 1.0 g of soil in 8 mL of sodium citrate to optimize
protein yield for these specific soil types.

Autoclaved sterile centrifuge tubes were used. Eight milliliters of 0.02 mol L™ sodium citrate (pH 7.0) was
added to each tube containing 1.0 g soil sample, and the mixture was centrifuged at 3,100 x g for 15 min.

The supernatants were decanted and stored at 4°C until analysis. Protein measurements in extracts were
made using the Bradford assay (Bio-Rad Laboratories, Hercules, California, USA). Five microliters of each sample
extract was pipetted into individual wells of a 96-well microtiter plate containing 195 pL phosphate-buffered
saline. Then, 50 pL of undiluted Bradford reagent (Bio-Rad G-250 dye) was added to each well. Plates were read
5 min later at 590 nm using a Packard SpectraCount colorimetric microplate reader (Packard Instrument Co.,
Meriden, Connecticut, USA). Protein concentration in each sample was calculated by comparing absorbance
values to a standard curve of 0-500 pg mL™ bovine serum albumin in 0.02 mol L™ sodium citrate (pH 7.0) and
diluted in phosphate-buffered saline.

Quantification of cultivable bacteria and fungi

Enumeration of viable soil bacteria and fungi was performed using the plate count technique [21] on
Tryptone Soya Agar (Oxoid, Basingstoke, UK, Code: CM0131) and Sabouraud Dextrose Agar (Oxoid, Code:
CMO0041), respectively. The prevalence of Enterobacteriaceae in soil samples was assessed using a selective
medium, MacConkey agar (Oxoid MacConkey Agar No. 3, Code: CM0115).

Briefly, soil samples were passed through a 2-mm sieve and thoroughly mixed. A 1 g portion of each soil
sample was diluted tenfold with sterile tap water, placed on a mechanical shaker, and shaken vigorously for 10
min before aliquots were removed. Next, a series of 10-fold dilutions was prepared, and aliquots (0.1 mL from
different dilutions) were transferred and spread onto triplicate agar plates. Thus, each sowing was replicated 3
times, and no significant differences were observed. All plates were incubated under aerobic conditions at 25°C
for 5 days. The number of CFUs per gram of dry soil was then calculated.

DO concentration

Soil oxygen availability is a primary determinant of soil microbial community composition, metabolic activity,
and function, and itimproves root respiration and growth, ultimately contributing to enhanced plant performance
[22]. DO was measured using polarography with an oxygen electrode (Milwaukee MW600 PRO, Milwaukee
Instruments Inc., Rocky Mount, North Carolina, USA) [23].

Ten milliliters of water was added to 1 g of soil, and the tubes were sealed to stop oxygen flow. The tubes
were incubated for 24 h to allow aerobic organisms to consume oxygen. After the incubation period, the
supernatant was collected to measure DO. The electrode was calibrated at the same temperature as the soil
porewater during the experiment. The polarographic DO sensor was calibrated before measurements, as
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electrode sensitivity and zero offset can vary due to membrane condition, electrolyte depletion, and
temperature/pH effects [24].

Gene expression analysis by gPCR

To determine ASFV gene expression, all investigated samples were analyzed. qPCR was performed using the
SYBR Green method as previously described [25, 26] on an Eco lllumina Real-Time PCR system device (lllumina
Inc., San Diego, CA, USA).

Each reaction mixture (20 puL) was composed of 4 uL of 5x HOT FIREPol® EvaGreen® gqPCR Mix Plus (ROX)
(Solis BioDyne, Tartu, Estonia), 0.3 L of each specific primer (initial concentration 100 pmol/puL), 4 uL of template
DNA/cDNA, and 11.4 pL of ddH,0.

Reactions were carried out under the following conditions: polymerase activation at 95°C for 12 min; 40
cycles at 95°C for 15 s, 52°C for 30 s, and 72°C for 30 s. For melt curve analysis, the following conditions were
used: 65°C to 95°C, increment 0.5°C, 5 s.

For the standard curve method, PAM culture infected with ASFV was used [27, 28]. Standard curves were
created using serial 10-fold dilutions of ASFV DNA. Quantitative analysis of DNA/cDNA copies was performed by
comparison with known numbers of ASFV genome units.

The fluorescence threshold value (Ct) was calculated using the ECO-lllumina system software (v 5.0). To align
the cDNA plots, Cq values were rescaled after comparison with viral genome copy numbers and converted to
absolute values on the y-axis for better visualization. Amplification efficiency and specificity were assessed by
analyzing the standard curve correlation coefficient (R? value) and melt curve profiles. Values > 0.99 were
considered acceptable.

Primers used for amplification were designed based on FASTA sequences retrieved from the NCBI GenBank
database. All primers were synthesized by Integrated DNA Technologies (IDT, Coralville, lowa, USA).

Table 2: Primer details used in the study.

Virus/gene Sequence Temperature (°C) Ampliconsize GenBank

ASFV thymidine kinase gene F: GCAGTTGTCGTAGATGAAG R: 53.58 /53.17 109 bp FR682468.2

K196R CGAAGGAAGCATTGAGTC

Megavirus chiliensis mg9 F: CTCTTAAATCTTTCACCCTACCR: 53.92 /53.68 169 bp NC_016072.1, JN258408.2
CAGCACATCTTGGAACAC

Mimivirus RNases H gene F: CAGATTCTACTTACAGTGTCAATAR: 53.93/53.72 170 bp AY653733.1, HQ336222.2,
GACCAGTATGTGCTTCAAC JN036606.1, JF801956.1,

KM982403.1, KT599914.1,
KF959826.2, KU761889.1
Phycodnavirus DNA polymerase F: GAGTCTGTATCCGAGTATCA R: 53.15/53.38 78 bp HM629733.1
TTGTCAAACTTATTCTCCATCA

Statistical analysis

All experiments were conducted in triplicate. Control sample, inactive virus, and virus-treated samples were
processed, extracted, and analyzed independently. The significance of virus-induced changes was evaluated by
two-tailed Student’s t-test for parametric values and Mann—Whitney U-test for non-parametric values; p < 0.05
was considered significant.

RESULTS
Dynamics of ASFV in soil

A comprehensive analysis of ASFV status was performed, including assessment of infectious particle content,
genome copy numbers, and transcriptional activity, as well as their dynamics in soil samples. Figure 2 illustrates
the quantitative changes in ASFV during the experimental period. Notably, transcriptional activity of viral genes
was detected in several soil samples (4, 5, 9, 12, and 15-16).

The quantitative Cq values obtained from cDNA exceeded the corresponding DNA-derived values by
approximately 10-15% and, in some cases, by up to 80—-90%. Importantly, viral titers showed a consistent decline
by the end of the experiment. This observation suggests that the virus may have entered certain non-susceptible
organisms; however, no evidence of complete genome replication was detected during the experimental period.

Impact of ASFV on nucleic acid levels in soil

Given that the kit is designed for quantitative analysis of DNA and RNA in soil, but does not ensure complete
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specificity, the obtained data are interpreted as mainly reflecting viral nucleic acids. Figure 3 presents data on the
concentrations of dsDNA, ssDNA, and RNA in soil samples one week after incubation with ASFV.
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Figure 2: African swine fever virus levels (measured by gPCR and HADU) and transcriptional activity in soil samples during 3-
week incubation at 24°C—-26°C. Color intensity represents the level of transcriptional activity (no color = no transcriptional
activity; light orange = low transcriptional activity; dark orange = high transcriptional activity).
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As shown in Figure 3, the majority of soil samples exhibited a significant reduction in the levels of these
nucleic acids. The exception is samples 10, 11, 12, and 17, where the content of viral nucleic acids a week after
the start of the experiment exceeded or equaled the control values.
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Figure 3: Short-length, predominantly viral-origin dsDNA, RNA, and ssDNA concentrations (ng/uL) in soil samples with active
ASFV (aASFV), inactive ASFV (iASFV), and control samples after the 1st week of incubation at 24°C-26°C. A = 1st sample, B =
2nd sample, C = 3rd sample, D = 4th sample, E = 5th sample, F = 6th sample, G = 7th sample, H = 8th sample, | = 9th sample,
J =10th sample, K =11th sample, L = 12th sample, M = 13th sample, N = 14th sample, O = 15th sample, P = 16th sample, Q =
17th sample, R = 18th sample. *Significant difference by Mann—Whitney U test (p < 0.05-0.001) compared with control
and/or iASFV. **Significant difference by Mann—Whitney U test (p < 0.05) in dsDNA concentration compared with control.
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Assessment of soil protein content following ASFV contamination

Active ASFV led to a decrease in total protein content in most of the soil samples studied. Exceptions were
observed in samples 9, 11, and 17, where protein content increased. By the end of the experiment (week 3), the
differences between the control and experimental groups tended to diminish, with no significant changes
observed (data not shown) (Table S1).

Impact of ASFV on soil bacterial and fungal communities

Changes in the total number of cultivable bacteria and fungi in the soil samples in the presence of ASFV are
summarized in Table S2. The most common trend was an increase in the total number of cultivable bacteria and
fungi in the presence of aASFV, compared with the control soil sample (72.2%).

The impact of ASFV on bacterial diversity varied among the soil samples. Notably, compared to the control,
bacterial diversity decreased in the presence of iASFV and aASFV (61.1% and 44.4% of samples, respectively).
Figure 4 illustrates the main strategies for changing the biomass and biodiversity in soil samples under the
influence of ASFV.

Figure 4: Growth of colonies from soil samples on agar plates.
Control samples (A, D); samples incubated with inactivated ASFV (B,
E); samples infected with active ASFV (C, F). (A—C) Sample 14 on
Tryptone Soya Agar. (D—F) Sample 9 on Sabouraud Dextrose Agar.

Noticeably, compared with the control (Figure 4A), there was an increase in the number of colonies under
the influence of iASFV (Figure 4B) and aASFV (Figure 4C).

The diversity of fungal colonies was not affected by the presence of ASFV in 50% of soil samples (Figure 4D—
F). Figure 4D—F illustrates the main strategy for changing the biomass and diversity in soil samples under the
influence of ASFV. Figure 4D shows a fungal colony on the control plate of soil sample 9, demonstrating how one
fungal species took over the entire culture medium and suppressed the remaining fungal species (“winner”
dominance). Figure 4E and Figure 4F (iASFV and aASFV, respectively) show the development of multiple fungal
colonies in the absence of a dominant “winner.”

Effects of ASFV on soil biomass, biodiversity, and oxygen dynamics

Figure 5 illustrates the main strategies for changing the biomass and biodiversity in soil samples under the
influence of ASFV. From Figure 5, it follows that in most samples, the presence of ASFV leads to either an increase
in the number of species (prokaryotes and/or fungi) or no change. The O, content is inversely proportional to the
number of prokaryotic species.

Impact of active ASFV on soil giant viruses

Viruses similar in genome to the Megavirus chiliensis were found earlier in water samples contaminated with
sewage waters in some settlements of Armenia (unpublished data). However, both megaviruses and
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picodnaviruses are detected for the first time in soil samples in Armenia (possibly these soil samples were
contaminated with sewage water).
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Figure 5: Changes in oxygen levels and species diversity in soil samples under the influence of African swine fever virus. 1 =
1st sample, 2 = 2nd sample,..., 18 = 18th sample. Green = increased biodiversity; Yellow = decreased biodiversity; No color =
no significant difference compared to control. *Significant difference by Mann—Whitney U test (p < 0.05-0.001) compared
with control and/or iASFV. **Significant difference by Mann—Whitney U test (p < 0.05).

Giant viruses in soil are now considered influential players in ecosystem processes due to their ability to
infect a broad spectrum of eukaryotic organisms. Analyses of medium- to high-quality giant virus genomes have
revealed both a core set of shared functional traits and previously unrecognized auxiliary metabolic genes
involved in carbon, sulfur, and phosphorus metabolism [29]. In this context, it is important to study how ASFV
affects giant viruses.
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The presence of ASFV reduced quantitative indicators of both megaviruses and picodnaviruses in soil
samples. However, the number of soil samples positive for these viruses was too small (2 out of 18) to draw
reliable conclusions (Table S3).

It should be noted that in both samples with identified megaviruses, their disappearance or a sharp decrease
in content was noted, which coincided with the decrease in the total concentrations of viral nucleic acids in most
soil samples after 1 week of incubation with aASFV.

Correlation analysis of the main investigated indices

A correlation matrix was generated to explore relationships among protein content, nucleic acid levels
(DNA/RNA), microbial populations, and environmental factors in soil samples exposed to ASFV (Table S4).

Protein content was found to correlate positively and significantly with DNA/RNA levels (r = 0.466, p < 0.05),
CFUs of fungi (r = 0.481, p < 0.05), and CFUs of enterobacteria (r = 0.454, p < 0.05).

A significant negative correlation was observed between DNA/RNA content and O, levels (r = -0.456, p <
0.05). Giant virus abundance exhibited a significant negative correlation with enterobacterial CFUs (r = -0.457, p
< 0.05). O, content was also inversely correlated with CFUs of enterobacteria (r = -0.578, p < 0.01).

Notably, a strong positive correlation was found between fungal and prokaryotic abundance (r = 0.856, p <
0.01). Total culturable microbial counts showed a significant positive correlation with CFUs of fungi (r = 0.502, p <
0.05).

DISCUSSION
ASFV and soil ecosystem interactions

ASFV is a highly stable and environmentally persistent pathogen capable of entering soil ecosystems through
biological contamination [7]. Although its transmission pathways and environmental persistence are well
documented, its ecological impact, particularly on soil microbial biomass and biodiversity within the main
microbial community, remains poorly understood. This study focused on two fundamental indicators of soil
ecosystem health: biomass, assessed via protein content and nucleic acid concentrations; and biodiversity,
evaluated through the composition of microbial (bacterial and fungal) and viral populations.

The quantified nucleic acids (DNA and RNA) were interpreted primarily as viral in origin because the
extraction kits were optimized for viral nucleic acid recovery; however, co-extraction of non-viral nucleic acids
cannot be excluded. Therefore, these results should be considered preliminary and highlight a promising direction
for future investigations of the soil virome and ASFV-associated viral dynamics.

Role of giant viruses and microbial interactions

Relatively recently, giant viruses have been recognized as a persistent component of soil ecosystems, where
they may contribute to biogeochemical cycling of carbon and phosphorus [29, 30]. In the present study, the
abundance of giant viruses in soil samples did not show significant changes in the presence of ASFV.

Interestingly, the abundance of giant viruses exhibited a significant negative correlation with enterobacterial
CFUs (r = -0.457, p < 0.05), suggesting a potential ecological interaction between these viral taxa and specific
bacterial groups. One possible explanation is linked to the ecological role of giant viruses, which often infect
protozoa that graze on prokaryotes, including Enterobacteriaceae. A reduction in protozoan populations could
theoretically result in decreased giant virus abundance and a concurrent increase in bacterial populations,
including Enterobacteriaceae.

Effects of ASFV on biomass indicators

Analysis of ASFV influence on biomass indicators revealed notable trends. Protein content was significantly
and positively correlated with DNA/RNA levels (r = 0.466, p < 0.05), fungal CFUs (r = 0.481, p < 0.05), and
enterobacterial CFUs (r = 0.454, p < 0.05). These correlations suggest that higher microbial biomass supports a
more substantial viral presence, likely through increased availability of host cells suitable for viral replication or
maintenance. This is consistent with findings by Matz et al. [31], which indicate that direct protein measurements
can reliably estimate microbial biomass.

The study also identified a significant presence of eukaryotic viruses in the soil, particularly RNA viruses,
which are likely to influence interspecies interactions within the microbial community [32]. Changes in viral
abundance may thus reshape the composition of the soil ecosystem.

ASFV-induced reductions in nucleic acids and potential mechanisms

Notably, ASFV exposure was associated with reduced DNA and RNA levels in most soil samples, suggesting a
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decline in viral biomass. One plausible explanation is ASFV-induced cellular stress or apoptosis in microbial hosts,
thereby reducing the pool of viable host cells available to other viruses, although this mechanism remains
hypothetical and requires direct experimental validation.

It is known that even in the absence of productive infection, viral capsid components can trigger apoptosis
in non-susceptible cells [33—35], suggesting a possible mechanism that could contribute to systemic reductions in
host biomass and, indirectly, in viral abundance.

Furthermore, a negative correlation between oxygen levels and DNA/RNA was observed (r = -0.456, p <
0.05). This may reflect reduced microbial respiration due to ASFV-induced mortality, leading to lower oxygen
consumption and an increase in soil oxygen availability [36, 37]. Thus, higher oxygen concentrations could be a
consequence rather than a cause of suppressed microbial activity under the influence of ASFV.

Divergence between biomass and biodiversity patterns

Interestingly, biodiversity trends did not parallel changes in biomass. While both total protein and nucleic
acid levels declined, microbial diversity appeared to increase, particularly among fungal and prokaryotic
populations. A strong positive correlation between fungal and prokaryotic CFUs (r = 0.856, p < 0.01) suggests
possible synergistic interactions or co-resilience mechanisms in response to viral pressure.

Similar patterns of increased diversity concurrent with decreased biomass have been reported in other
ecosystems, such as the gut microbiome during hepatitis B progression [23].

Ecological mechanisms and theoretical implications

In simplified form, the interaction between ASFV and the soil-living community is presented in Scheme 1.
The influence of viruses in terrestrial ecosystems may be ecologically analogous to their roles in marine
environments. Trubl et al. [38] identify three principal virus—host interaction pathways: (1) lysis of host cells, (2)
alteration of host metabolism, and (3) virus-mediated horizontal gene transfer.

Abortive infection Decreased in total

(transcription of viral load due to
certain viral genes) lost of the host

Productive
infection ?
Lysis of dominant Increased

; : Species necromass s
ASFY infectious Restore in biomass at

particles late stages (3™ week;
data unpublished)

Decreased

Programmed cell biomass

PartSioEthesinis death via contact

serve as nutrition with viral particles Restore in total viral
load at late stages (3"
week; data
unpublished)

Scheme 1: The influence of infectious African swine fever virus (ASFV) particles on the soil environment.

Given the absence of detectable ASFV replication, the first two pathways are more relevant in this context.
These findings support the hypothesis that viral presence, especially that of non-replicating viruses, can act as a
selective force, reshaping community structure by suppressing dominant taxa and enabling the proliferation of
less competitive or stress-tolerant organisms. This phenomenon aligns conceptually with the “Kill the Winner”
model [39], in which viruses preferentially infect the most active microbial taxa, thereby maintaining community
diversity.

Non-replicative ecological effects of ASFV

While no increase in ASFV titers was detected in any of the samples relative to controls, suggesting limited
or no productive replication, ecological effects were nonetheless observed. Consequently, these effects may be
mediated through non-replicative mechanisms, such as immune stimulation, capsid-mediated cellular stress, or
apoptosis, rather than active viral propagation, although direct mechanistic evidence remains to be established.

This interpretation is further supported by the absence of correlation between ASFV K196R gene expression
and other measured indicators. These findings are consistent with emerging perspectives that viruses, regardless
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of replication status, play active roles in ecosystem regulation, modulating everything from host physiology to
community composition and nutrient flux [40].

Study limitations and future perspectives

Taken together, the findings suggest that ASFV presence in soil environments may be associated with
measurable ecological shifts in microbial biomass and community structure, even in the absence of detectable
viral replication. These observations extend the current understanding of ASFV ecology beyond persistence and
transmission, highlighting the importance of considering environmental interactions between viruses and soil
microbial communities.

While the mechanisms underlying these patterns remain unresolved, the observed associations raise
important questions regarding potential indirect effects of viral particles on microbial dynamics and ecosystem
functioning. From a broader perspective, virus-associated changes in microbial communities may influence soil
ecosystem services, including nutrient cycling and microbial-mediated carbon and phosphorus turnover, thereby
linking animal disease dynamics with environmental health within a One Health framework.

At the same time, the present study has several limitations, including reliance on culturable microorganisms
and targeted molecular assays, limited detection of giant viruses, and restricted generalizability beyond Armenian
anthrosols. Future studies integrating metagenomic approaches, expanded environmental characterization, and
comparative experimental designs will be necessary to clarify underlying mechanisms and evaluate the ecological
significance of ASFV—soil interactions.

Thus, this work provides an initial ecological framework and highlights a promising direction for future
interdisciplinary research exploring the environmental dimensions of ASFV biology.

CONCLUSION

The present study demonstrates that ASFV exerts complex, multidirectional effects on soil ecosystems,
characterized by a consistent reduction in total microbial biomass and an increase in microbial diversity. The
observed decline in protein content and viral nucleic acids across most samples indicates a suppression of overall
biomass, whereas the concurrent increase in CFU of bacteria and fungi suggests a restructuring of the microbial
community. The detection of transcriptional activity without evidence of complete viral replication further
supports the hypothesis that ASFV influences soil systems primarily through indirect or non-replicative
mechanisms.

From a practical perspective, these findings highlight the potential environmental implications of ASFV
contamination beyond its established role as a livestock pathogen. Changes in microbial biomass and diversity
may affect key soil functions, including nutrient cycling, organic matter decomposition, and overall soil health.
This has important implications for agricultural systems, particularly in regions affected by ASF outbreaks, where
soil-mediated ecological changes could impact productivity and ecosystem stability.

A major strength of this study lies in its integrative approach, combining physicochemical analysis, qPCR-
based quantification of nucleic acids, microbial culturing, and DO measurements to provide a comprehensive
assessment of ASFV—soil interactions. Additionally, the use of both aASFV and iASFV allowed differentiation
between active and passive viral effects. However, several limitations should be acknowledged. The reliance on
culturable microorganisms may underestimate total microbial diversity, and the specificity of viral nucleic acid
extraction does not fully exclude non-viral contributions. The limited detection of giant viruses and the focus on
a specific soil type (anthrosols) further restrict the generalizability of the findings.

Future research should incorporate metagenomic and metatranscriptomic approaches to better resolve
microbial and viral community dynamics. Expanded studies across diverse soil types and environmental conditions
are needed to validate these findings and elucidate underlying mechanisms. Investigations into the long-term
ecological consequences of ASFV persistence and its interactions with non-host organisms will be particularly
valuable.

In conclusion, ASFV represents not only a significant veterinary threat but also a potential ecological
modulator within soil environments. The study provides initial evidence that ASFV can alter microbial biomass
and biodiversity in soil systems, emphasizing the need to integrate environmental considerations into ASFV
research within a One Health framework.
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