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ABSTRACT The ecological drivers that direct the assembly of viral and host bacterial
communities are largely unknown, even though viral-encoded accessory genes help host
bacteria survive in polluted environments. To understand the ecological mechanism(s) of
viruses and hosts synergistically surviving under organochlorine pesticide (OCP) stress, we
investigated the community assembly processes of viruses and bacteria at the taxon and
functional gene levels in clean and OCP-contaminated soils in China using a combination
of metagenomics/viromics and bioinformatics approaches. We observed a decreased rich-
ness of bacterial taxa and functional genes but an increased richness of viral taxa and aux-
iliary metabolic genes (AMGs) in OCP-contaminated soils (from 0 to 2,617.6 mg - kg~ "). In
OCP-contaminated soils, the assembly of bacterial taxa and genes was dominated by a
deterministic process, of which the relative significance was 93.0% and 88.7%, respectively.
In contrast, the assembly of viral taxa and AMGs was driven by a stochastic process, which
contributed 83.1% and 69.2%, respectively. The virus-host prediction analysis, which indi-
cated Siphoviridae was linked to 75.0% of bacterial phyla, and the higher migration rate of
viral taxa and AMGs in OCP-contaminated soil suggested that viruses show promise for
the dissemination of functional genes among bacterial communities. Taken together, the
results of this study indicated that the stochastic assembly processes of viral taxa and
AMGs facilitated bacterial resistance to OCP stress in soils. Moreover, our findings provide
a novel avenue for understanding the synergistic interactions between viruses and bacteria
from the perspective of microbial ecology, highlighting the significance of viruses in medi-
ating bioremediation of contaminated soils.

IMPORTANCE The interaction between viral communities and microbial hosts has been
studied extensively, and the viral community affects host community metabolic function
through AMGs. Microbial community assembly is the process by which species colonize
and interact to establish and maintain communities. This is the first study that aimed to
understand the assembly process of bacterial and viral communities under OCP stress. The
findings of this study provide information about microbial community responses to OCP
stress and reveal the collaborative interactions between viral and bacterial communities to
resist pollutant stress. Thereby, we highlight the importance of viruses in soil bioremedia-
tion from the perspective of community assembly.
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acterial viruses (here referred to as viruses), which are the most abundant and diverse

entities on earth, play a key role in the ecological and evolutionary processes of microbial
communities by directly killing hosts or integrating into host genomes without lysing them
(1-6). During lytic infection, viruses directly lyse host bacterial cells in a short period, exerting
“top-down” regulation on bacterial communities (7). However, viruses can also integrate into
their host’s bacterial genome and then redirect host bacterial metabolic activities through vi-
rus-encoded auxiliary metabolic genes (AMGs) (8). These virus-encoded AMGs have been
widely recognized as impacting diverse metabolic activities in the soil, such as nutrient ele-
ment transformation, energy metabolism, and contaminant biodegradation (9-11). For
instance, the organochlorine pesticide-degrading gene L-DEX, atrazine-degrading gene trzN,
and various chromium (Cr)-detoxifying genes have been identified as virus-encoded AMGs
in contaminated soils (4, 11, 12). Moreover, a greater diversity of virus-encoded AMGs has
been shown to help bacterial hosts survive in contaminated environments (11). Therefore, it
is essential to explore the role of viral communities as ecological drivers that shape microbial
communities in contaminated soils.

Microbial community assembly is the process of species colonization and interaction to
establish and maintain local communities. This process, which occurs through continuous
migration from the regional species pool, is driven by stochastic and deterministic proc-
esses (13). The deterministic factors include environmental filtering of abiotic conditions
and biotic interactions (e.g., competition, exploitation, mutualism, predation, and host fil-
tering), while the stochastic factors consist of unpredictable birth, death, reproduction, and
diversification (14). The process of bacterial community assembly varies according to the
types and extent of pollution in soils. A previous study found that the assembly of rare and
abundant bacterial communities was dominated by different processes in oil-contaminated
soils. Specifically, while the abundant bacterial subcommunity was influenced mainly by
edaphic factors (i.e.,, deterministic processes), the assembly of the rare subcommunity was
dominated by stochastic processes (15). In another study, both deterministic and stochastic
processes drove the succession of a bacterial community under polychlorinated biphenyls
stress, indicating the dynamic nature of bacterial community assembly (16). Recent studies
have explored the assembly of viral communities to understand the comprehensive
response of microbial communities to environmental stresses. Danczak et al. (17) revealed
that the viral community was influenced by different assembly processes with time in frac-
tured shale ecosystems and that the processes of viral and bacterial community assembly
were interrelated. However, compared with bacterial community assembly processes, the
factors that drive the assembly of viral communities and their interactions with bacterial
communities in contaminated soils are less well understood.

Organochlorine pesticides (OCPs) are synthetic pesticides with broad applications in agri-
cultural and chemical industries, which have been detected frequently worldwide in soils (18,
19). Due to their high toxicity and recalcitrance, soils contaminated by OCPs have been of
great concern to human health and environmental security (20, 21). Organochlorine pesti-
cide exposure exerts direct selection on soil bacterial communities. While bacterial taxa that
are less resistant to OCPs become less abundant or disappear under heavy pollutant expo-
sure, OCP-resistant bacterial taxa increase their abundance due to a competitive advantage
(22). Our previous study suggested that viral communities played crucial roles in the bacterial
survival of heavy OCP contamination (total pesticide content varying from 1,083.7 == 404 to
4,595.8 = 3440 mg - kg~") and the degradation of OCPs through virus-encoded AMGs in
soils (11). However, the presence of genes is organism dependent, and viral communities are
regulated by host population dynamics or phage defense systems. Therefore, we hypothe-
size that the assembly process at the taxonomic and functional levels of bacteria and virus in
OCP-exposed soils was consistent and that bacterial community assembly was driven by a
deterministic process, while viral communities were dominated by stochastic assembly under
OCP exposure. Moreover, viral communities could enable the deterministic assembly of bac-
terial communities due to the potential benefits for the host bacteria.

In this study, we used a combination of metagenomics/viromics and bioinformatics
approaches to explore how OCP exposure affects the composition of both bacterial
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FIG 1 Differences in bacterial communities in clean and OCP-contaminated soils. (A) Relative abundance of the top 10 abundant bacterial families and the
composition of functional gene classification based on the KEGG database in clean (C1 to C3) and OCP-contaminated (light, S1 to S3; heavy, S4 to S6) soils.
“Others” represent the remaining taxa and functional genes. (B) Differences in bacterial taxa and functional gene alpha diversity in clean and OCP-
contaminated soils. (C) NMDS analysis of bacterial taxa and functional genes in clean and OCP-contaminated soil. The asterisks indicates a significant
difference between treatments with one, two, three and four asterisks indicate P < 0.1, 0.01, 0.001, 0.0001, respectively.

and viral communities in a closed OCP-contaminated site in the Yangtze River Delta,
China. Variance in the assembly processes of bacterial taxa and functional genes, as
well as viral taxa and AMGs, was investigated. We applied the normalized stochasticity
ratio to investigate the bacterial and viral community assembly process at the taxon
and gene levels in OCP-contaminated soil. The dominant processes that drove the as-
sembly of bacterial and viral communities in heavily OCP-stressed soils were determin-
istic and stochastic, respectively. Moreover, the stochastic assembly of viruses and
AMGs was found to help maintain functional redundancy of the bacterial community.
Taken together, our findings suggest the need to study assembly processes at multiple
trophic levels to comprehensively understand the ecological drivers of microbial com-
munities under contaminant exposure.

RESULTS

Bacterial profiles in clean and OCP-contaminated soils. To determine the influ-
ence of OCP exposure on bacterial communities at different levels, we compared the rela-
tive abundance, alpha- and beta-diversity of bacterial taxa, and genes between clean and
OCP-contaminated soil. Metagenomics analyses revealed that bacterial taxa and genes
had distinct characteristics related to their relative abundances across the soils. We found
distinct bacterial families in OCP-contaminated soils, such as unclassified Actinobacteria
and unclassified Proteobacteria and Comamonadaceae, and OCP exposure was associated
with increased relative abundances of Nocardioidaceae (clean, 0.9%; light, 5.1%; and heavy,
4.9%), Streptomycetaceae (clean, 1.3%; light, 4.6%; and heavy, 4.6%), Microbacteriaceae
(clean, 0.2%; light, 3.4%; and heavy, 3.0%), Burkholderiaceae (clean, 0.7%; light, 3.0%; and
heavy, 3.0%), Micromonosporaceae (clean, 0.8%; light, 2.7%; and heavy, 2.6%), and Conexi-
bacteraceae (clean, 0.2%; light, 2.8%; and heavy, 2.8%) (Fig. 1A; see Table S1_taxonomy
in the supplemental material). In addition, the relative abundances of organohalide-respir-
ing bacteria (OHRBs), such as Enterobacteriaceae, Desulfovibrio, Pseudomonas (23), and
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Dehalococcoides (24), in OCP-contaminated soils were significantly higher than those in
clean soils (one-way analysis of variance [ANOVA], P < 0.05). In contrast, the relative abun-
dance of bacterial functional genes annotated by the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database remained stable across soils (Fig. 1A; Table S1_KEGG annota-
tion). Lower richness (clean, 2,896.3; light, 1,475.7; and heavy, 1,468.3 for bacterial taxa;
clean, 6,053.3; light, 4,948.0; and heavy, 4,991.3 for bacterial genes) and ACE indexes
(clean, 15.2; light, 14.0; and heavy, 13.9 for bacterial taxa; clean, 40.9; light, 37.3; and heavy,
37.5 for bacterial genes) but higher Simpson’s (clean, 0.9; light, 1.0; and heavy, 1.0 for bac-
terial taxa; clean, 1.0; light, 1.0; and heavy, 1.0 for bacterial genes) and Pielou indexes
(clean, 0.6; light, 0.7; and heavy, 0.7 for bacterial taxa; clean, 0.9; light, 0.9; and heavy, 0.9
for bacterial genes) of bacterial taxa and genes were detected in OCP-contaminated soils
(Fig. 1B), suggesting decreased richness but increased evenness of bacterial communities
due to OCP exposure. We also used nonmetric multidimensional scaling (NMDS) to study
the Bray-Curtis distance of bacterial taxa and functional gene composition among treat-
ments. Bacterial taxonomic and genetic composition clearly differed between clean and
OCP-contaminated soils but not between light and heavy contaminated soils (Adonis
analysis, P < 0.05) (Fig. 1C). Mantel analysis indicated a significant association between
the composition of bacterial taxa and functional genes (Mantel test, P < 0.05).

Viral profiles in clean and OCP-contaminated soils. Siphoviridae was the most abun-
dant family in clean (92.0%) and OCP-contaminated soils (62.2% on average). OCP exposure
was associated with increased relative abundances of Podoviridae (clean, 0.3%; light, 15.0%;
and heavy, 13.5%), Myoviridae (clean, 1.4%; light, 6.7%; and heavy, 7.4%), and Autographiviri-
dae (clean, 0.1%; light, 1.1%; and heavy, 1.0%) but decreased relative abundances of Siphoviri-
dae (clean, 92.0%; light, 61.7%; and heavy, 62.7%) (see Table S2 in the supplemental material).
Notably, Schitoviridae and Demerecviridae were detected only in OCP-contaminated
soils (Fig. 2A). Specifically, the relative abundance of virulent viruses (average 22.6%)
in OCP-contaminated soil was higher than that in clean soil (average, 14.5%) (one-
way ANOVA, P < 0.05) (Fig. 2A), and the relative abundance of virulent viruses did
not clearly differ between light and heavy contamination (one-way ANOVA, P > 0.05)
(Fig. 2A). The alpha diversity of viral taxa indicated higher richness, ACE, Simpson,
and Pielou indexes in OCP-contaminated soil (Fig. 2B). The viral taxa clustered to-
gether according to the OCP contamination gradient, but the viral taxa in clean and
OCP-contaminated soils separated into two subgroups (see Fig. S1 in the supplemen-
tal material).

We annotated 3,277 viral AMG sequences in total to explore the effects of viruses on bac-
terial metabolism (see Table S3 in the supplemental material). We used both KEGG and CAZy
databases for viral AMG annotation, and the best hits (defined by bit score, default minimum
threshold of 60) reported for each database were provided in a single output file to avoid
overlap. According to the KEGG database, most AMGs were annotated as “nucleotide metab-
olism,” “amino acid metabolism,” and “carbohydrate metabolism” (Fig. 2C). In addition, virus-
encoded AMGs in OCP-contaminated soil (55 gene classes) linked to nutrient cycling (carbon
[C], nitrogen [N], phosphorus [P], and sulfur [S]) and pesticide degradation are more diverse
and exclusive than those in clean soil (33 gene classes) (Table S3). Specifically, the cysH gene
associated with hydrogen sulfide metabolism and two genes associated with pesticide deg-
radation (aldehyde dehydrogenase [ALDH] and L-2-haluric acid dehalogenase [EC: 3.8.1.2],
which are responsible for the transformation of chlorobenzene and chloroalkene, respec-
tively) were found only in OCP-contaminated soils. The virus-encoded AMGs cover a range
of bacterial metabolic activities and pesticide degradation pathways, indicating that the
AMGs can enhance the bacterial community nutrient metabolism and degradation of OCPs,
thereby benefiting bacterial survival in OCP-contaminated soils. Similar to viral taxa, alpha di-
versity (richness, ACE, Simpson, and Pielou indexes) of viral AMGs was higher in OCP-conta-
minated soil than that in clean soil. Beta diversity analysis indicated that clean and OCP-con-
taminated soils had different AMG compositions (Fig. S1).

Environmental factors drove the variation in bacterial and viral community
structure. To investigate the impact of abiotic factors on microbial communities, variance
partitioning analysis (VPA) was used to determine the explanatory degree of different abiotic
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FIG 2 Differences in viral communities in clean and OCP-contaminated soils. (A) Relative abundance of the top 10 abundant viral families in
clean (C1 to C3) and OCP-contaminated (light, S1 to S3; heavy, S4 to S6) soils. “Others” represent the remaining taxa. (B) Analysis of virus and
AMG in clean and OCP-contaminated soil. (C) Differences in viral taxa and AMG alpha diversity in clean and OCP-contaminated soil. We used
both KEGG and CAZy databases for viral AMG annotation, and the best hits (defined by bit score, default minimum threshold of 60) reported
for each database were provided in a single output file to avoid overlap. The asterisks indicates a significant difference between treatments

with one, two, three and four asterisks indicate P < 0.1, 0.01, 0.001, 0.0001, respectively.

factors on bacterial and viral communities at the taxon and gene levels. Single abiotic factors
and their combinations that can best explain the variance in bacterial and viral compositions
were screened out (see Table S4 in the supplemental material). The explanatory degree of
single abiotic factors was <<20% on average, with pH making the greatest contribution to
the variance in viral taxonomic and viral genetic composition (19.4% and 13.7%, respectively).
The combination of pH, cation exchange capacity (CEC), and m-nitrochlorobenzene had the
highest explanatory degree (97.3%) for bacterial taxonomic variance. Combinations of pH,
CEC, and total phosphorus (TP) were associated most closely with viral taxa (70.7%); pH, CEC,
and total nitrogen (TN) were associated most closely with bacterial genes (81.5%); and pH,
TP, and m-nitrochlorobenzene were associated most closely with viral AMGs (78.6%; Fig.
S2A). Together, the compositions of bacterial taxa, viral taxa, and their genes were simultane-
ously under the impact of multiple abiotic factors across soils.

Community assemblies of bacterial taxa and genes. The normalized stochasticity
ratio (NST) was determined to investigate the community assembly processes affecting
both bacterial and viral communities (25). The normalized stochasticity ratio reflects the rel-
ative importance of stochasticity in community assembly based on magnitude rather than
on the significance of the difference between observed and null expectation as a quantita-
tive measure of stochasticity. In this work, the NST was used to quantify the relative impor-
tance of deterministic (<50%) and stochastic processes (>50%) in community assembly
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FIG 3 Assembly process of bacteria and genes in clean and OCP-contaminated soil. (A) The Normalized stochasticity ratio (NST) of bacterial
taxa and functional genes in clean and OCP-contaminated soil. The NST of <0.5 represents the deterministic process, and the NST of >0.5
represents the stochastic process. (B) Difference in the migration rate of bacteria taxa and functional genes in clean and OCP-contaminated
soil. (C) Differences in niche breadth of bacterial taxa and functional genes in clean and OCP-contaminated soil. The asterisks indicates a
significant difference between treatments with one, two, three and four asterisks indicate P < 0.1, 0.01, 0.001, 0.0001, respectively.

(Fig. 3A). For bacterial community assembly, the relative importance of stochastic processes
was 74.1%, 7.3%, and 6.8% in clean, light, and heavy contaminated soils, respectively, indi-
cating that the relative importance of stochastic process decreased with elevated OCP con-
tamination gradient in soils. Specifically, bacterial community assembly was dominated by
stochastic processes in clean soil but driven by deterministic processes in OCP-contami-
nated soils. Similar to bacterial community assembly, the relative importance of stochastic
processes on bacterial gene assembly decreased with increasing contamination levels,
which were 48.5%, 13.7%, and 8.9% in clean, light, and heavy contaminated soils, respec-
tively. Because the NST values were all lower than 50%, the bacterial gene assembly was
dominated by deterministic processes in clean and OCP-contaminated soils, and the signifi-
cance of deterministic processes increased with elevated OCP contamination.

Additionally, the migration rate of bacterial taxa in OCP-contaminated soils was signifi-
cantly lower than that in clean soil (one-way ANOVA, P < 0.05) (Fig. 3B) but did not vary sig-
nificantly between light and heavy contaminated soils (one-way ANOVA, P > 0.05) (Fig. 3B).
Conversely, the migration rate of bacterial genes in OCP-contaminated soil was significantly
higher than that in clean soil (one-way ANOVA, P < 0.05) (Fig. 3B) and could not be distin-
guished between light and heavy contaminated soils (one-way ANOVA, P > 0.05) (Fig. 3B).
The niche breadth of bacterial taxa in OCP-contaminated soil was significantly higher than
that in clean soil (16.2 = 0.6) but did not differ significantly between light (58.8 = 0.7) and
heavy contaminated soils (59.2 = 1.2) (one-way ANOVA, P > 0.05) (Fig. 3C). The niche
breadth of bacterial genes in OCP-contaminated soil was higher than that in clean soil, but
the differences in the niche breadth of bacterial functional genes in different contamination
gradients were not significant (one-way ANOVA, P > 0.05) (Fig. 3C). OCP exposure exerted
strong selection that decreased bacterial community mobility and increased the niche
breadth of surviving bacteria on the bacterial community assembly process.

Community assemblies of viral taxa and virus-encoded AMGs. To investigate the
impact of OCP exposure on the assembly of viral taxa and AMGs in soils, we also determined
the NST, migration rate, and niche breadth of viral communities between clean and OCP-con-
taminated soils. The relative importance of stochastic process to viral taxa assembly was
26.8%, 87.8%, and 78.3% in clean, light, and heavy contaminated soils, respectively, indicating
that OCP exposure enhanced the relative importance of stochastic processes in the assembly
of viral communities. A similar trend was also observed for the assembly of viral AMGs. As a
result, the assembly of viral taxa and AMGs was dominated by deterministic processes in clean
soil but by stochastic processes in OCP-contaminated soils (Fig. 4A). Stochastic processes had
strong effects on the viral community and AMG composition. The migration rate of viral taxa
followed the order of clean soil < light contamination < heavy contamination (one-way
ANOVA, P < 0.05) (Fig. 4B), indicating that OCP pollution significantly increased the migration
rate of viral taxa in soil. Similarly, OCP exposure increased the migration rate of viral AMGs
from 0.62 in clean soil to 0.66 in OCP-contaminated soils. The niche breadth of viral taxa and

March 2023 Volume 89 Issue 3 10.1128/aem.01810-22 6


https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.01810-22

The Complementary Assembly of Viruses and Bacteria Applied and Environmental Microbiology

y
A /%IR\\ B C
(m ‘ [stochasticity 1.00 Virus Vs AMG
ICY T YUY Yo e o M we w
o 080 ] T
087 © 066  0.66 < ;
c Q02 S 4004 10 3
0.6 Clean .S 0.60 8
(£ ...... B e I B m Light T S
o
0.4 = Heayy 2 040 2
s G 200 5-
0.2+ 0.20 z
0 0
. 000 T T T T T T
Virus AMG Clean  Light Heavy L&D S & Q
O\Q \‘>Q ‘3‘0{0 0\0 \'>Q ngb

FIG 4 Assembly process of viral taxa and AMG in clean and OCP-contaminated soil. (A) The NST value of viral taxa and AMG in clean and
OCP-contaminated soil. (B) Difference in the migration rate of viral taxa and AMG in clean and OCP-contaminated soil. (C) Differences in
niche breadth of viral taxa and AMG in clean and OCP-contaminated soil. The asterisks indicates a significant difference between treatments
with one, two, three and four asterisks indicate P < 0.1, 0.01, 0.001, 0.0001, respectively.

AMGs in OCP-contaminated soils was higher than in clean soil (one-way ANOVA, P < 0.05)
(Fig. 4C). OCP exposure significantly increased the migration rate and niche breadth of viruses
and AMG, while also inducing stochastic-dominated assembly processes.

Putative virus-host linkage in clean and OCP-contaminated soils. We used three
approaches, including tRNA sequence alignment, comparison of clustered regularly inter-
spaced short palindromic repeats (CRISPR) spacers, and JGI database matching to explore vi-
rus-host linkage. Overall, 4,041 viral sequences were linked with 10,932 putative bacterial host
sequences (belonging to 28 bacterial phyla) across the soils. Siphoviridae had the broadest
host range, which was linked to 21 bacterial phyla, including the 10 most abundant bacterial
phyla (Fig. 5). The remaining virus families consisted of Podoviridae (15 bacterial phyla),
Myoviridae (13 bacterial phyla), Autographiviridae (3 bacterial phyla), Phycodnaviridae (2 bacte-
rial phyla), Herelleviridae (2 bacterial phyla), Schitoviridae (1 bacterial phyla), Chaseviridae (1
bacterial phyla), and Ackermannviridae (1 bacterial phyla). Phycodnaviridae, Herelleviridae,
Schitoviridae, Ackermannviridae, and Chaseviridae were detected only in OCP-contaminated
soil. The relative abundance of the 10 most abundant bacterial phylum hosts were associated
with 4,017 viral sequences (about 99.4% of all viral sequences matched the host). Of these
hosts, the most abundant (Proteobacteria) was associated with 1,409 viral sequences (~34.9%
of the overall viral sequences). Together, viruses exerted great impact on all dominant bacteria
except for “Candidatus Rokubacteria,” which was infected only by one viral sequence. We
defined viruses linking 10 bacterial phyla as broad-host viruses. Overall, Siphoviridae were clas-
sified as broad-host viruses in clean and OCP-contaminated soils, while Podoviridae and
Myoviridae were considered broad-host viruses only in OCP-contaminated soils (see Table
S5_Virus-host linkages in the supplemental material). Therefore, viruses in OCP-contaminated
soil were linked to more diverse bacterial hosts than those in clean soil.

DISCUSSION

Bacterial genetic functions remained stable under OCP exposure. In this work,
although OCP exposure clearly changed the composition of bacterial taxa, it did not alter the
composition of bacterial genes in soils (analysis of similarity [ANOSIM], P > 0.05) (Fig. 1A). The
higher fluctuation of bacterial taxa could have occurred because the diversity of bacterial taxa
in the soils was lower than that of bacterial genes (26). Functional redundancy of the bacterial
community contributed to the stable composition of bacterial functional genes, regardless of
OCP exposure. The decrease in the diversity of bacterial taxa could be associated with the dis-
appearance of certain species that are sensitive to OCP stress in the soil (22), which could fur-
ther impact the functional genes harbored by bacteria. Because of functional redundancy and
frequent horizontal gene transfer (HGT) between bacteria, the impact of OCP exposure on
bacterium-carried genes is commonly not as great as the impact on bacterial taxa (27, 28). In
addition, the functional genes are often substitutable, and multiple genes perform the same
function (29). New bases are generated at random sites of genes affected by gene mutation.
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Because of the degeneracy of codons (that is, multiple codons correspond to the same amino
acid), codon changes caused by random gene mutation do not always affect the types of
amino acids produced in the translation process; therefore, the function of the protein corre-
sponding to the gene remains the same (30). Gene mutation (stochastic process) decreased
the relative importance of the effects of OCP contamination stress on functional gene compo-
sition but did not completely change the gene functional classification. Overall, the gene func-
tional classification remained stable under different OCP contamination stresses.

Viral life cycling also facilitated the functional redundancy of host bacteria. Viruses
depend on bacterial hosts to complete their own reproduction, either by infecting and lys-
ing host cells (lytic viruses) or by integrating their genes into the hosts’ genome without kill-
ing host cells (lysogenic viruses), allowing the virus to act as a vector for horizontal gene
transfer between hosts (7, 8, 31). In this study, OCP exposure increased the proportion of ly-
sogenic viruses, suggesting that a higher pool of viruses was involved in the horizontal
transfer of functional genes. Moreover, OCP exposure increased the host range of viruses in
soils, suggesting higher flexibility of the virus-host interaction and a greater probability of
horizontal gene transfer between bacterial communities (11). The KEGG and CAZy annota-
tions revealed the dominant AMG functional categories, including nucleotide metabolism,
amino acid metabolism, and carbohydrate metabolism (Fig. 2C), which indicate that the
viruses were capable of mediating the horizontal transfer of these functions between hosts,
thereby contributing to the functional redundancy of bacterial communities under OCP-
contaminated soils.

Deterministic processes governed the assembly of bacterial communities in
OCP-contaminated soils. While community assembly of bacterial taxa has been stud-
ied extensively in soil ecosystems, bacterial genes remain less explored. Community as-
sembly is influenced by both deterministic and stochastic processes. Deterministic
processes include abiotic conditions (environmental filtering) and biotic interactions
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(such as competition, exploitation, mutualism, predation, and host filtering), while sto-
chastic processes generally consist of drift, dispersal, and diversification (14, 32). We
found that bacterial community assembly was dominated by stochastic processes in
clean soils and dominated by deterministic processes in OCP-contaminated soils (Fig.
3A), which is consistent with the results of a previous study that revealed deterministic
process drove the assembly of microbial communities in oil-contaminated soils (15).
OHRB-mediated reductive dehalogenation removes halogens from various organohal-
ogens and obtains the energy required for growth (23). OHRBs are also dominated by
deterministic processes in OCP-contaminated soils, indicating the strong selective
effect of OCPs on OHRBs. The intense OCP stress is associated with reduced bacterial
taxa diversity (Fig. 1B), suggesting that selection is of major importance in community
assembly.

The migration rate is the movement of species from a hypothetical species pool to a
specific environment (33). The gradual decrease in bacterial taxa migration in response to
OCP exposure indicated that the dispersal limitation decreased the significance of the sto-
chastic process in the microbial assembly pattern in OCP-contaminated soil (34), which
was consistent with the NST results. Additionally, niche breadth is related to species adap-
tion to the environment, indicating the diversity and abundance of resources that species
can use and their dispersal ability (35). In clean soils, weak environmental selective pres-
sures and high taxa diversity resulted in great competition and small niche breadth of bac-
terial taxa. Conversely, OCP stress led to the disappearance of sensitive taxa, induced the
community structure to be more homogeneous, and increased the number of niches
available for surviving bacteria in the soil, thereby causing bacterial taxa in OCP-contami-
nated soils to have a broad niche breadth.

The assembly pattern of bacterial taxa and genes is consistent with the “competitive
lottery mode” derived from the lottery hypothesis (36). This hypothesis holds that a spe-
cific niche in an ecosystem needs to be occupied by species with corresponding func-
tional genes (the selection of functional genes is a deterministic process), but the niche
will be occupied by bacterial species that arrive first (determination of the order of species
occupying the ecological niche is stochastic). The functional gene migration rate is the
horizontal transfer of genes between bacteria, and the increased gene migration rate in
OCP-contaminated soil may be due to increased virus-mediated transduction as described
above.

Stochastic processes drove the assembly of viral communities in OCP-contami-
nated soils. Currently, the assembly of viral communities under pollutant exposure is not
well understood. Here, viromics analyses revealed that viral community assembly in the OCP-
contaminated soil was dominated by stochastic processes (Fig. 4A). These findings are similar
to those of a previous study that showed viral community assembly in salinity-stressed frac-
tured shale ecosystems was driven by nondominant processes, including stochastic processes,
such as weak selection, weak dispersal, diversification, and drift (17). The migration rate of the
viral community increased with the degree of contamination, suggesting that the dispersal li-
mitation was constrained and the relative importance of stochastic processes increased in
OCP-contaminated soils (34). Because OCP exposure affected primarily viral communities
through its effects on hosts, the hosts play an important role in the assembly of viral commun-
ities. In community ecology, the host can be regarded as a resource necessary for the virus
survival, which is a special “niche” of viruses. Compared with viruses in clean soil, those in the
OCP-contaminated soil had a broader host range and niche breadth (Fig. 4C). This finding indi-
cates that there are more resources available for viruses and weaker competition within their
community in OCP-contaminated soil, so the stochasticity of virus-host encounter rates
becomes more important for virus assembly, further reducing the impact of deterministic pro-
cess on viral community assembly. If most hosts are infected by various viruses (i.e, more
niches overlap), the competition between viruses is pretty strong. Based on results of viral-
host predictions, we screened 242 specialized host that were infected by only one viral
sequence (45 in clean soil and 197 in OCP-contaminated soil), indicating that the virus in the
OCP-contaminated soil had more specialized hosts and less niche overlap, which also reduce
determinism in the viral community assembly (Table S5_Specialized host). Drift is more
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important when selection is weak and community size is small (14). Additionally, lytic viruses
cannot be ignored when studying the assembly of viral communities. During the lysis process,
the virus releases progeny, which results in a random change in the relative abundance of dif-
ferent virus species within the community. The increase in the proportion of lytic viruses in
the OCP-contaminated soil may also facilitate the increased stochasticity of virus community
assembly (Fig. 2A).

The ecological drivers that direct the assembly of viral and host bacterial communities
are largely unknown, even though viral-encoded accessory genes help host bacteria to sur-
vive in polluted environments, such as arsenic-resistance gene arsC/arsM, organochlorine
pesticide degradation gene L-DEX, and atrazine degradation gene trzN (4, 11, 37). Virus-en-
coded AMGs are a major pathway through which viruses become involved with and redirect
host metabolic activities, and studying the assembly process of AMGs is of great importance
for understanding how viruses affect host metabolism. The stochastic process of AMG as-
sembly increased with the degree of OCP contamination, which is supported by the varia-
tions in AMG migration rate across different contamination gradients, as AMGs had a higher
migration rate and lower dispersal limitation in OCP-contaminated soils. Genes are closely
related to organisms, and generalist viruses provide greater possibilities for gene replication
and expression than experts, so we examined the proportion of generalists or experts in
AMG-containing viruses. The relative abundance of generalist AMG-containing phages is sig-
nificantly higher than that of specialist AMG-containing phages in OCP-contaminated soils
(Table S5_AMG-containing phages), and these generalist AMG-containing phages were
dominated by stochastic assembly (Table S5_NST of generalists). Therefore, most AMGs in
OCP-contaminated soils are stochastically assembled under the influence of the generalist
AMG-containing phage assembly process. Considering that diversification is an evolutionary
process that generates new genetic variation, higher AMG diversity in OCP-contaminated
soils may represent a strong diversification effect (14). This increased diversification strength-
ened the effect of drift, further increasing the relative importance of the stochastic assembly
process of AMGs in OCP-contaminated soils.

Stochasticity of viral community assisted the bacterial community to relieve
OCP stress. With the increase in OCP contents, the niche breadth of host bacteria and viruses
that can infect the host and the relative abundance of host bacteria both increased (see Fig.
S2B in the supplemental material), indicating that the host bacteria have a competitive
advantage in OCP-contaminated soil. As described above, viruses facilitated the functional re-
dundancy of host bacteria under OCP contamination. Nevertheless, the role of stochastic proc-
esses that dominate the assembly of viral taxa and AMGs needs further discussion. Our previ-
ous study revealed that the virus-carried L-2-haloacid dehalogenase gene (L-DEX) can be
successfully expressed in Escherichia coli and can degrade -2-haloacid pesticide precursors,
thereby increasing the host ability to tolerate pesticide stress (11). Other virus-encoded stress-
resistant AMGs were also detected and found to play promising roles in host adaptation to
contaminant stress in soils, including chromium-resistant genes in chromium-contaminated
slag sites and chlorohydrolase gene trzN in atrazine-contaminated soils (4, 12). In addition to
antistress genes in the virus, the virus can also induce the acquisition of antistress genes by
the bacterial community in many ways, and the stochastic assembly process of the virus and
AMG also has a direct or indirect impact on bacterial communities in contaminated soil (Fig.
6) (38). The stochastic assembly process of viral communities, which consists of dispersal,
diversification, and drift, might facilitate AMG dissemination between hosts. Drift represents
changes in the relative abundance of taxa within a community caused by the inherent sto-
chastic processes of unpredictable birth, death, reproduction, and diversification (14). The
increased migration rate of viruses accelerates virus-mediated horizontal gene transfer (HGT)
between bacterial hosts, which increases the dissemination of resistant genes within bacterial
communities. Virus-mediated HGT plays an important role in bacterial ecology and evolution,
which allows bacteria to evolve rapidly and to adapt to changing environmental conditions.
Viruses can transfer genetic material between bacteria through generalized, specialized, and
lateral transduction, and the widely detected viral AMGs appear to be the result of phages
acquiring host metabolic genes through HGT events (39). Viruses can promote the occurrence
of HGT in soil microbial communities under anthropogenic contaminated conditions, such as
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FIG 6 Conceptual model for bacterial and viral community assembly processes in clean and OCP-
contaminated soils. The dispersal of bacteria in clean soil is strong, and community assembly is dominated by
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assembly in OCP-contaminated soil. Virus community assembly is dominated by deterministic process in clean
soil, and the competition of virus to host is an important factor affecting the deterministic process; virus
community assembly is dominated by stochastic process (dispersal, drift, diversification) in OCP-contaminated
soil, and the stochastic assembly process of the virus community helps the horizontal transfer of resistance
genes among bacterial communities.

subinhibitory antibiotic contamination (40). In our previous work, a high number of polyvalent
viruses carrying AMGs, which had more infectible bacterial hosts that could promote HGT of
AMGs in bacterial communities, has been detected in OCP-contaminated soil compared with
those in clean soil (11). We also detected the unique organochlorine pesticide degradation
AMGs encoding L-DEX and aldehyde dehydrogenase (ALDH) and an increased abundance of
viral AMGs linked to carbon, nitrogen, and sulfur metabolism in the OCP-contaminated soils
(11). These AMGs involved in virus-mediated HGT were more diverse and transferred more fre-
quently in OCP-contaminated soil than those in clean soil, suggesting that virus-mediated
HGT could help the transfer of AMGs between hosts and expand the adaptation of bacterial
communities to adverse conditions. Moreover, the diversification of viral AMGs can be consid-
ered a random mutation of genes. As a result, the stochastic dominated AMG assembly pro-
cess in OCP-contaminated soil indicates a greater effect of diversification on AMG composi-
tion, thereby increasing the likelihood of variation in stress-resistant genes. Because of the
coevolving and reciprocal interactions between organisms and their environment, viruses
reprogram host metabolic activities through virus-carried AMGs to sustain a stable and favor-
able living environment. Taken together, the stochastic-process-dominated assembly of viral
communities facilitates AMG dissemination among host bacteria, which helps to maintain the
deterministic assembly of bacterial communities (Fig. 6). We suggest that viruses and their as-
sembly processes provide a novel avenue for understanding the bioremediation of contami-
nated soils.

The key functional character of viruses is that they can positively alter host stress resist-
ance in OCP-contaminated soils, which may have a tremendous impact on microbial com-
munity dynamics within relatively short time periods, while viruses can stably produce
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progeny within the host cell. Collectively, our results indicate that the viral community is a
crucial biotic factor that cannot be ignored when studying the adaptation of bacterial com-
munities to environmental stress.

Conclusions. We investigated the impact of OCP exposure on the taxonomic and
genetic composition of viral and bacterial communities in soil using metagenomics and viro-
mics approaches. The bacterial community composition varied significantly under different
OCP-contaminated gradients, while the bacterial functional gene composition remained sta-
ble. As OCP contamination gradients increased, bacterial taxa and functional gene diversity
decreased, while viral taxonomic and AMG diversity increased, resulting in the shift of bacte-
rial community assembly from stochastic-dominant to deterministic-driven processes. In
contrast, the assembly of both viral taxa and AMGs changed from deterministic-driven to
stochastic-dominant processes in response to OCP exposure in soils. The stochastic assem-
bly of viral communities might contribute to the functional redundancy and increased resist-
ance of bacterial hosts in OCP-contaminated soils. By analyzing viromics data, we identified
AMGs in the viral genome, but the expression of AMGs within host cells needs to be further
explored. This study is the first one that aimed to understand the assembly process of bacte-
rial and viral community under OCP stress. These findings provide information regarding mi-
crobial community responses to OCP stress and reveal the collaborative interaction between
viral and bacterial communities to resist pollutant stress, thereby revealing a novel avenue
for the application of microbiomes to soil remediation.

MATERIALS AND METHODS

Sample collection. Soil samples were collected from a closed organochlorine pesticide factory in Jiangsu
Province, China (120.228193'N, 31.758075’E), in 2019. The soil around the organochlorine pesticide factory
was exposed continuously to organochlorine pesticides (OCPs), such as chlorobenzene, dichlorobenzene, and
nitrochlorobenzene, from 1975 to 2007. Based on the unweighted pair group method using average linkages
(UPGMA) clustering result, the nine soils were classified into three distinct groups with no (C1 to C3, no pesticides
were detected), light (S1 to S3, the total pesticide content various form 281.3 = 21.4 to 509.8 + 28.7 mg - kg™ "),
and heavy (54 to S6, the total pesticide content various from 1,083.7 = 40.4 to 4,595.8 = 344.0 mg - kg™ ") pesti-
cide stress (11). The surface soil (0 to 20 cm) was collected from each sampling area, and 2.0 kg of soil was
selected randomly using the five-point sampling method. Soil samples were briefly stored at 4°C in 1-L sterile
polypropylene Falcon tubes and then stored at —80°C until analysis.

Soil physicochemical properties and pesticide content determination. Soil samples were ground
through a 2.0-mm sieve and then used for the determination of the soil pH, soil organic matter (SOM), cation
exchange capacity (CEC), total nitrogen (TN), total phosphorus (TP), and available sulfur (41). The pesticide con-
tents were determined by extracting the pesticides with dichloromethane using an accelerated solvent extrac-
tion system (ASE-200; Dionex, USA) followed by gas chromatography-mass spectrometry (GC-MS) analysis
(GCMS 6890N-5973 N; Agilent, USA) as described in our previous publications (42, 43).

Bacterial and viral DNA extraction, sequencing, and analysis. Bacterial and viral DNA extraction,
sequencing, and analysis were performed according to Zheng et al. (11). Briefly, a FastDNA spin kit for
soil (MP Bio) and TaKaRa MiniBEST viral RNA/DNA extraction kit 5.0 were used to extract bacterial and vi-
ral DNA, respectively. The viral DNA extraction methods are provided in Supplementary Methods in the
Supplemental Material. After quality screening was conducted by Cutadapt (v1.2.1), a total of ~8.8 bil-
lion clean reads of bacterial metagenomes (~0.8 billion per clean soil samples and ~1.06 billion per pes-
ticide-contaminated soil samples) and ~9.6 billion clean reads (~1.06 billion per sample) of viromes
were obtained and used for de novo assembly (see Table S6 in the supplemental material) (44, 45). All
the raw reads and assembled metagenomics data are publicly accessible and can be download online
from https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA003886.

Viral protein clustering and distribution. Viral protein clustering and distribution were performed
according to Zheng et al. (11). Briefly, identified viral contigs were clustered into virus populations (vOTUs)
using ClusterGenomes (v1.1.3; 95% identity and 80% coverage). vOTUs larger than 10 kb were subjected to
protein clustering using vConTACT (v2.0; default parameters) based on the NCBI bacterial and archaeal viral
RefSeq v85 database (46). All protein sequence alignments were performed using DIAMOND 0.9.10 to group
proteins (47). Virus taxonomic annotation was performed using vConTACT (v2.0), and viral proteins were
matched to the RefSeq virus database using BLASTp (bitcore, =50).

Viral host prediction. The following three methods were used for virus host prediction: (i) the tRNA
sequences were recovered from the viral genome with ARAGORN (v1.2.38) and then aligned with bacterial
sequences by BLAST searches (100% coverage and 100% sequence identity) (48); (i) the sequence similarity of
bacterial and viral CRISPR spacers was used to predict viral hosts. CRISPR spacers were recovered using CRASS
from bacterial metagenomic paired-end (PE) reads (49). BLASTn (E value, 107'% 100% nucleotide identity) was
used to compare bacterial CRISPR spacer sequences and viral contigs; (jii) viral sequences were submitted to
the JGI Virus Sequence Database to predict bacterial hosts (E value, 10~°; sequence identity, =95%) (48). The
tRNA sequence alignment, CRISPR spacers comparison, and JGI database matching linked viral contigs with
35, 28, and 10,869 putative bacterial host sequences, respectively.
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Influence of abiotic factors on taxa and gene composition. Variance partitioning analysis (VPA) was
used to determine the impact of abiotic factors on microbial communities (50). Abiotic factors include soil
physicochemical properties (e.g., pH, soil organic matter, and total nitrogen) and pesticide content (e.g., ben-
zene, chlorobenzene, and meta-nitrochlorobenzene) (see Table S7 in the supplemental material). Prior to VPA,
bioenv analysis was performed to sort out the effects of combinations of abiotic factors on taxa and genes
composition. VPA and bioenv analysis were conducted using the relative abundance of taxa obtained from
metagenomic sequencing and genes using the KEGG ontology (KO) group abundance annotated by the
KEGG database. The contributions of physicochemical properties and pesticide content to community change
were analyzed quantitatively by VPA and bioenv analysis with the “varpart” function and “bioenv” function in
the “vegan” package, respectively.

Community assembly analysis. The normalized stochasticity ratio (NST) reflects the relative importance
of stochasticity in community assembly based on the magnitude of the difference between observed and null
expectation as a quantitative measure of stochasticity. The NST value is between 0 and 1. When the NST value of
the community is above 50%, stochastic processes are considered dominant in the community, while a value
lower than 50% indicates deterministic processes that drive community assembly. The NST can be calculated as

follows:
Zx_jf(cij,E_zj) - mkin [Zuf(Ef]k),E_vﬂ
> cCem) - (e m)|

DCij: 1C52@7
0C; <E;
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NST =1 — NSS,

where D; and C;; are the dissimilarity and actual similarity values between the ith community and the jth
community, respectively; °C; represents the similarity between community i and j under extremely
deterministic assembly; and £/ indicates one of the null expected values of similarity between commu-
nity i and j under stochastic assembly. The “tNST” and “nst.boot” functions of the “NST” package were
used to calculate NST values.

Migration rate data were calculated by an analysis of observed operational taxonomic unit (OTU) mean rel-
ative abundances using the likelihood formula developed by Tetame with Etienne (34, 51). With this method,
the value of the migration rate is between 0 and 1. Higher migration rate values indicate that microbial com-
munities are less limited by dispersal. In other words, when the value of migration approaches 1, the dispersal
limitation decreases (i.e,, all species migrate from the regional species pool) (34).

Niche breadth. We calculated niche breadth to represent the fitness and diversity of available
resources of communities. The Levins niche breadth index was calculated using the following function:

N
B =1/ E Py,
i=1

where B, is the niche breadth of taxon j in the metacommunity, N represents the count of communities
in the metacommunity, and P; refers to the proportion of taxon j in community i. The niche breadth was
calculated using the “nst.boot” functions of the “SPAA” package in R (52).

Data statistical analysis. Data were analyzed using R 4.1.2 and visualized with GraphPad Prism
8.0.2. Alpha and beta diversity were calculated using the “vegan” package (53). One-way ANOVA was
used to identify significant differences between samples. An NMDS stress value of <0.05 based on
the Bray-Curtis distance was considered to represent a good fit of NMDS analysis to the data. ADONIS
was performed to determine whether the difference identified by NMDS was significant. Virus and
host link networks were visualized with Cytoscape 3.9.1.
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