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Virus-borne auxiliary genes have been demonstrated to influence their hosts’
characteristics and flexibility, resulting in an elevated ability to withstand diverse
conditions and competition. However, the research on the soil viral community
and its influencing factors is not extensive. The effects of bacterium-phage co-
evolution in the metal contaminated environment have yet to be fully understood.
In our research, numerous viral genes with conserved functional residues/motifs
working on detoxifying heavy metals were pinpointed in the virome recovered
from 58 contaminated soil metagenomic samples of mineral area, including
tellurite resistance genes (e.g., terC, terD), copper resistance genes (e.g., copC,
copA), and arsenate resistance genes (e.g., arsC). Moreover, viral proteins involved
in key processes of nutrient uptake and metabolism, cellular function,
polysaccharides production and biomineralization were also detected, which
may also contribute to the response of microbial community to heavy metal
stress. Our research showed that viruses have helped their hosts to acquire novel
metal-resistance abilities through horizontal gene transfer (HGT) during the
adaptation to challenging metal-rich environments. This was also evidenced by
the high Codon adaption index (CAl) values across metal-resistance-related
genes. This study has advanced our understanding on virus-host interplay
within heavy metal contaminated soils.

KEYWORDS

heavy metal resistance, virome, contaminated soil, detoxification, auxiliary metabolic
gene, metagenome

1 Introduction

Viruses are abundant and pervasive in Earth’s ecosystems and can have a substantial
effect on the composition, activity, and performance of microbial communities, offering an
untapped potential for applications in health, industry, and agriculture (Jones et al., 2007;
Taati et al., 2020). Viruses are the most abundant and diverse creatures on earth, with a
population amount of approximately 10°°-10%, a density ten times that of bacteria
(Hemminga et al., 2010; Rakonjac et al., 2016). Besides, it is estimated that about twenty
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percent of prokaryotic genomes were obtained via virus-related
2004). Viruses are divided into
lysogenic and lytic, which respectively modulate microbial

elements (Briissow et al,

population through infection and cell death, guide microbial
metabolism using auxiliary metabolic genes, and facilitate inter-
host gene transfer (Thompson et al., 2011; Feiner et al., 2015; Puxty
et al, 2015; Jin et al, 2019). Viruses persist longer in the
environment than other mobile genetic elements (MGEs) like
plasmids. Of particular interest is the lysogenic virus, as it is
(HGT). The
incorporation of novel genes by lysogenic virus may give their

heavily involved in horizontal gene transfer

host a beneficial phenotype and help them survive in difficult
conditions. In return, the host can provide a safe haven for the
virus (Gao et al,, 2022; Lopez-Leal et al., 2022). A most prominent
instance is that the marine viruses encode and transfer many key
components of photosystem, a common target of photo-inhibition.
The presence of these viruses in the ocean may help prevent photo-
inhibition of infected algae, allowing photosynthesis to continue and
providing the energy needed for the virus to replicate (Puxty et al.,
2015).

Soils can contain up to ten billion viruses per Gram, while
geographical location and climatic condition are the major
determinants of the spread of viruses in the soil. Recent studies
propose that viruses may play a crucial role in both carbon and
nutrient cycling in terrestrial environments, similar to their role in
marine systems (Ashelford et al., 2003; Williamson et al., 2017; Attai
and Brown, 2019; Starr et al., 2019; Hillary et al., 2022). Viruses can
also affect the phosphorus cycling of agricultural soils since viral-
encoded phosphorus metabolism genes are unexpectedly abundant
(Han et al.,, 2022). Viruses in soil environment were also regarded as
an underestimated reservoir for the storage and transmission of
antibiotic resistance determinants (Ross and Topp, 2015; Zhang
et al., 2022). Even though viruses have a significant role in the
microbial evolution and global biogeochemical cycles, our
knowledge of soil-borne viruses and the factors influencing their
spread is far less than our understanding of marine viruses
(Thompson et al., 2011; Breitbart et al., 2018; Jin et al.,, 2019).
Compared with viruses in the marine environment, the types,
quantity, and diversity of viruses in soil are more complex. This
makes it more difficult to conduct systematic studies on soil viruses.

Environmental stress has a significant impact on the survival
rate of microbes and can drastically change the microbial
community structure (Harrison et al., 2013). For instance, the
inhibit
biological activities and alter the keystone taxa of the microbial

unfavorable geochemical conditions of tailing can
community (Sun et al,, 2020). Likewise, multiple environmental
factors, including host, pH, water, metal ion concentration, climate
and site altitude, are linked to viral community composition (Mojica
and Brussaard, 2014; Adriaenssens et al., 2017; Emerson et al., 2018;
Trubl et al., 2018). The accumulation of heavy metals in soils among
mineral area poses a grave risk to public health and ecological
stability due to its prevalence, durability, and toxicity (Ve et al., 2015;
Nolos et al., 2022). Soils contaminated with heavy metals in mineral
area usually show a geochemical gradient from the source of
contamination (Xu et al., 2020). These contaminated soils among
mineral area are special ecosystems under intense pressure and are
ideal for studying the interaction between viruses, bacteria, and
environmental stressors. In order to combat heavy metal toxicity,
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microbe has developed complex defense systems such as metal
chelation and precipitation, molecular pumps that expel toxic
metals from cells, enzymatic conversion of metal ions into less
dangerous forms, and construct more resilient cell walls and
membranes that can serve as a barrier against toxic metals
(Navarro et al., 2013). The lysogenic phage-infected bacteria may
acquire heavy metal resistance genes in the viral genome when the
lysogens rupture, facilitating the transduction of these genes among
bacteria and therefore enhancing the viral host’s resistance against
heavy metal toxicity (Tang et al., 2019; Tang et al., 2021). Viruses
such as temperate phages can establish a long-term partnership with
bacterial hosts which allows for efficient reproduction of both the
viruses and their hosts (Feiner et al., 2015). This has opened up a
potential route for remediating (mineral) environments through
massive application of lysogenic viral communities.

The presence of heavy metals in soils among mineral area
significantly affects the composition of virome (Huang et al,
2021), yet little is known about the virus-bacterium interactions
under heavy metal-induced stress. Many aspects of virus-borne
genetic makeup and their influences on the host remain poorly
understood: how does environmental stress affect bacteriophage
collaboration, particularly in terms of survival under extreme
conditions among mineral area? What role does the virus’s
genetic makeup play in the virus-host interaction?

To gain a better understanding of viral capacity for further
lysogenic phage application, it is important to first figure out how
the microbial hosts and viruses cooperate, such as how
environmental stress and viral genome compositions influence
the host’s survival in mineral area. Understanding virus-host
interactions in heavy metal stress scenarios can also improve our
assessment of the eco-toxicity of heavy metals and the viability of
using microbiome engineering for contaminated soil remediation
among mineral area. Against such background, we focus on the
putative heavy metal resistance related components encoded by viral
genomes recovered from soil metagenome among heavy metal
contaminated area (58 Genbank metagenomes) to investigate the
adaptation processes of soil-borne microbiome to hazardous
environments and the importance of viruses for biogeochemical
processes. Further phylogenetic analysis, three-dimensional (3D)
modeling of their protein structures along with selection pressure
assessment/codon adaption index (CAI) analysis were carried out to
investigate the diversity, functional conserved motifs, the strength of
natural selection and expression possibility of the interested heavy
metal resistance related genes identified in viral sequences. This
work could aid us in comprehending the intricacies of bacterium-
virus collaboration and perhaps provide a theoretical foundation for
the wide application of remediating lysogenic virus in the future.

2 Results
2.1 Overall status

We first queried and retrieved all the items in the Genbank
public database (Benson et al., 2018) with the keywords “soil” and
“metal” within the “biosample” regions. The out-coming 58 soil
metagenomes of microbiome as listed in Supplementary Table S1 at

https://doi.org/10.6084/m9.figshare.22226998.v3 was used for
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FIGURE 1

(A) Pangenome analyses and mathematical modeling of the size succession of the pangenome and core genome of the 57 viromes. (B) Taxonomic
annotation and statistics of the scaffolds from the viromes using PhaGCN. (C) Bar chart showing functional proportions (based on COG categories) of
different parts of the pangenome (i.e., accessory, unique). Detailed descriptions of the COG categories: [D] Cell cycle control, cell division, chromosome
partitioning; [M] Cell wall/membrane/envelope biogenesis; [N] Cell motility; [O] Post-translational modification, protein turnover, and chaperones;

[T] Signal transduction mechanisms; [U] Intracellular trafficking, secretion, and vesicular transport; [V] Defense mechanisms; [J] Translation, ribosomal
structure and biogenesis; [K] Transcription; [L] Replication, recombination and repair; [C] Energy production and conversion; [G] Carbohydrate transport
and metabolism; [E] Amino acid transport and metabolism; [F] Nucleotide transport and metabolism; [H] Coenzyme transport and metabolism; [I] Lipid
transport and metabolism; [Q] Secondary metabolites biosynthesis, transport, and catabolism; [P] Inorganic ion transport and metabolism; [R] General
function prediction only; [S] Function unknown. (D) Principal coordinate analysis (PCoA) based on the numerical distributions of viral protein families in
tested viromes. (E) Distribution of CAl values measuring the synonymous codon usage bias for the viral gene sequences classified by functional
categories. (F) Heatmap showing uneven distribution of viral gene families related with metal resistance among tested samples.
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downstream analyses. High radionuclide ("*’Cs, *'°Pb, **°Ra, ***Ra,
“Co, **'Am, **U, ***Th, and ***Th) levels ranging from 30 to
3750 Bq/kg and high toxic metal (Co, Ni, Cu, Zn, As, Cd, Hg,
Pb, and Cr) levels ranging from 60 to 2500 mg/kg soil are present in
the tested soil samples (Rogiers et al., 2021). We then successfully
recovered a total of 785 viral scaffolds from the tested metagenomes,
with 2.5% of them has complete circular and 6.6% of them has
medium or high quality. The pangenome of the viromes derived
from the tested 58 soil metagenomes possessed 27,404 gene families.
Pangenome mathematical modeling of the retrieved 58 viromes
revealed an “open” pangenome fitted into a power-law regression
function [Ps (n) = 2620.57n°*°], while the core genome was fitted
into an exponential regression [Fc (n) = 2306.47 e ~***] (Figure 1A).
These results indicate vast genetic diversity within the soil viromes
from heavy metal contaminated soils and that the currently
characterized features of the viromes are still far from saturation.
Viral
Mesyanzhinovviridae, Peduoviridae were the most abundant in

families Zierdtviridae, Orlajensenviridae,
the tested soil samples from mineral area (Figure 1B). Our results
are quite different from previous reports on soil samples from
Antarctic, in which viral families Siphoviridae, Myoviridae and
2017).
Siphoviridae and Podoviridae are mild viruses, while Myoviridae

Podoviridae were dominant (Adriaenssens et al,
is a lytic virus in polar marine viruses (Luo et al., 2022). Functional
annotation based on clusters of orthologous group (COG) revealed
that the accessory gene of tested viromes had a higher proportion of
genes classified in COG categories L (replication, recombination,
and repair, 24.53%), K (Transcription, 10.03%), and M (Cell wall/
membrane/envelope biogenesis, 8.41%) (Figure 1C), which were
probably related to the mutualism and co-evolution of virus-host
interplay to oligotrophic and metal-laden conditions in mineral area
that often cause DNA damages needed rapid response and
restoration. Principal coordinate analysis (PCoA) based on the
numerical distributions of viral protein families in tested viromes
showed that the viromes appeared to be separated by the
geographical locations (Figure 1D, analysis of similarity
[ANOSIM], R > 0, p < 0.05). Previous research has revealed that
the viral communities and functions from nineteen soil samples
across China can be grouped into clusters corresponding well with
the geographical locations (Han et al., 2022). This suggests that viral
community composition and function might be driven by
geographic-related factors. Interestingly, virome was reported to
than total
spatiotemporal patterns of soil samples (Santos-Medellin et al.,

more sensitive metagenome in reflecting the
2021). We fail to detect any positive selection signal across
virome in this study with Posigene software (Sahm et al., 2017).
Also, the codon adaption index (CAI) was used to measure the
synonymous codon usage bias for the viral gene sequences,
comparing it to the reference (host codon usage bias) data set to
indicate bias (expression level) (Figure 1E). Results showed that
many functional genes encoded by viral sequences possess relatively
high CAI values: averagely, the COG categories [U] Intracellular
trafficking, secretion, and vesicular transport (0.70) [C] Energy
production and conversion (0.67) [G] Carbohydrate transport
and metabolism (0.67) have relatively higher predicted CAI
values (higher expression level). The viral genes related with
microbial metal resistance as annotated against the BacMet

database (Pal et al., 2014) also present high CAI values (average
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0.68). However, these viral gene families related with metal
resistance distribute unevenly among tested contaminated soil
samples (Figure 1F).

2.2 Metal resistance genes in viral sequences

Previous studies indicated that HGT was a main adaptive

mechanism for microbes to cope

environments (Li et al, 2019). Viruses can be regarded as a

with heavy-metal-rich

particular type of HGT vectors to facilitate the spread of
resistance among microbial community through transduction
(Ross and Topp, 2015; Zhang et al., 2022). By annotation against
the BacMet database (Pal et al., 2014), we have detected in the tested
viromes multiple gene families related with microbial metal
resistance (Figure 1F).

2.2.1 Tellurite resistance

Tellurite is highly toxic due to the similarity to sulfur, which can
interfere with the thiol inside cells (Zannoni et al., 2008). Even low
concentration (1 pug/mL) of tellurite can severely inhibit the cell
growth of E. coli (Chasteen et al., 2009). The ter gene cluster is
considered essential for tellurite resistance, allowing for the high
tellurite resistance (Peng et al, 2022). Consistently, we have
identified abundant tellurite resistance genes (mainly terC and
terD) in the viral sequences, which are further verified by
bioinformatics approaches (Figure 2).

The hydrophobic TerC protein is likely a membrane protein that
transports tellurite, and is the only one of its kind in the ter gene
cluster, suggesting its role is essential. The TerC domains have a
common core of seven TM helices, characterized by two extra
transmembrane helices inserted between helices three and four of
the conserved core, and an N-terminal hydrophobic helix which
might be either an additional TM segment or part of an intracellular
signal peptide (Figure 2A). The similarity between TerC protein and
manganese transporter MntP suggests that TerC may be involved in
metal transportation. The 3D structure of the viral TerC domain
exhibited the classical transmembrane helices with TM-aligned
score of 0.64 to Escherichia coli (strain K12) MntP (Zeinert et al,,
2018). Both TerC and MntP proteins harbor two conserved acidic
and negatively charged Asp residues (Figure 2A, marked with red
arrows, in MntP order), Aspl6 and Asp118, from the first helix of
each of the trihelical units. These residues form a negatively charged
pore within the membrane, allowing the metal cation to be expelled
whereas mutation of Aspl6 or Aspl18 would completely abolish
MntP activity (Zeinert et al., 2018). Protein TerD also contributes to
tellurite resistance in addition to TerC (Turkovicova et al., 2016).
Multiple sequence alignment (MSA) analysis showed that the
reported metal-binding sites vital for the function of TerD
concealing in the inter-strand loops are conserved within viral
homologs detected in this study and TerD with structures
available in PDB database (Figure 2B, marked with red arrows),
which are respectively constituted by Asp12, Asp67 and Asp70 (site
1) and Asp22, Asp24, Asp60, and Glu71 (site 2), with Trp11 acting
as a hydrophobic structural bridge between them and facilitate
cooperative metal-binding by the two sites (Pan et al, 2011).
These results indicated that viral TerD-like proteins may bind
calcium through the same pattern. Besides, the predicted 3D

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1182673

Zhang et al.

10.3389/fenvs.2023.1182673

A TerC

0G0005804_Terc k141

al

10 20

————{0G0005807_TerC_k141_401688 (This study) |

AO0AICSHAZ7 _Micromonospora_echinaurantiaca
A0A6MIT2T2_Aliifodinibius_halophilus
A04242G937_Aliifodinibius_sp._ WN023

0G0005804_TerC k141
AOAIMAXUF2_Aliifodin
AOA6MLT2T2 Aliifodin
MntP_NP_416335_E.col

VSPTMAAPPYHT

A0AIM4XUF?2_Aliifodinibius_roseus
A0A346XXZ9 Euzebya_pacifica

EL BB e E— i — )

0G0005804_Terc k141_

A0A45J4J0X7_Patiriisocius_marinus
WP_:IJ 6335 Escherichia coli (strain K12) MntP |

7 RMSD of 4.18 angstrom (TM-score 0.64)

0G0005804_TerC_k141_
AOAIMAXUF2 Aliifodin
AOAGMLT2T2_Aliifodin
MntP_NP_416335_E.col

ace

0G0005804_TerC_k141_

0G0005804_TerC_k141_
AOAIMAXUF2_Aliifodin
AOA6MLT2T2_Aliifodin
MntP NP 416335 E.col

acc

B
TerD

[31 B2 nl al
0G0018539_A LT — — [200Q 2000
31BZ A —
2KxT A _>
20NG A
% 10 29 {{ 30

0G0018539_A
3IBZ_A

2KXT_A
20NG_A
acc
hyd o — m-m = —
Bs pe B7
0G0018539_A e TT TT
3IBZ A —_ 000 TT *
2KXT_A —> 000
2QNG_A TP 000 AP P—
{ Po W 100 110
0G0018539_A TR SCNQ E T|p[fp@D R[VD APVER T
3IBZ_A G| I T G| T KINAT J/PADIEKT
2KXT_A c| 1T CRINR LK|E[k@D AV[e GIp VDK I 1f
20NG_A sl ojvL RN s|x(DIGx [Eelguihdv x| T[LE@N RILD SRYARY
ace
hyd - o e . B W E—
po n3 10 B11
0G0018539_ A = 090 — p— >
3IB. —0000 Nl
2KXT A 02000 — —_— —_—
20NG_A >>rr=——> TT TT =R PT k=P —_— £000000
150 160 179 189
060018539_A [EKQFRIPEFET|. . . .[(eRENCVIVEVITR. [T CCEME. . . [+ K[E[D| NVE
3IBZ A EIARYD“ED. STETAX ELYR. HgA= KFRPIGOG‘{ASGLFG AQD
2KXT_A [E[v ARYDRTIED)|. STETAM ELYR. BN KFR2 VG QG YACCL|a sVc A0
20NG_A REGYTVP]:DD LGlSTAA EFVDDS TlE HlE G 1 HlG YD::DPPTFARV

ace | Sa— |
hyd -—_-- - - -

A0A4386KAVS_9CAUD_Streptomyces_phage
k141_339670_0G0018539 terD_This_study |

B3 B
—- O O e—-
— > TT 29.0=
T T TT

SRHIGA

<DDE\/VLTG .......... IGAQVS RGRGGLZ G DLD VNF GQP RM}\G
GNV[SILTKEA . PGLTA\/I BERGLU. . . . .. .... R|T|T|T GT D FpRfslA|S LLL]SGGK ASC HF
GNV|S[LSKTA . . FsMx Wr, wn . f RQTI‘}(‘CFF‘A T|TIAAN|G K R(‘PADF

GRENLYFGHKNGLNKGIRKV'E . . P/GDF A TpRae]T|VE] ATFLAGDA GKEA. [L

0.89 AO0A3NICZE2 9ACTN Actinocorallia_herbida
@4PFH 7_9ACIN Streptomyces_sp._8K308
A0A7JOCEC7 _9ACTN Streptomyces_fulvorobeus
k141 339781 _0G0000755 TerD_This_study

_|—AOA2P1NOC0 9CAUD Stre tamyces_ phage Yara

RMSD of 2.47 angstrom (TM-score 0.80)

|\ PDB 2KXT 1 Klebsiella Jneumontael

0.6

FIGURE 2

Bioinformatics verification of tellurite resistance proteins (A) TerC and (B) TerD through multiple sequence alignment (with verified conserved key
residues marked with red arrows), phylogenetic reconstruction and 3D protein model comparison.

structure of the viral TerD domain exhibited the classical fi-
sandwich fold and shared RMSD of 2.47 angstrom (TM-score
0.80) to Klebsiella pneumonia TerD (PDB 2KXT) (Pan et al,
2011). Phylogenetic analysis showed that identified viral TerD-
like proteins in this study are mostly clustering with homologs
related to Streptomyces (the indicated bacterial host).

2.2.2 Copper resistance

We have also detected copper resistance proteins CopC and CopA
in our retrieved viral sequences from soil samples contaminated with
heavy metals, which are further verified by bioinformatics approaches

Frontiers in Environmental Science 05

(Figure 3A). The copper binding proteins (CopC) found in the outer
membrane is part of the cop system that control copper availability. Like
the bacterial homolog, viral CopC found in current study contains the
conserved histidine brace (His-brace), a copper-binding motif that is
associated with both oxidative enzymes and proteinaceous copper
chaperones. CopC is composed of two domains, an N-terminal
domain and a C-terminal domain. The N-terminal domain is
composed of two alpha helices and two beta strands, while the
C-terminal domain is composed of three alpha helices and two beta
strands (Figure 3A). The key residues of CopC are located in the
N-terminal domain and are involved in the binding of copper ions
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FIGURE 3

[PDB 3RFU Legionella_pneumophila_subsp_pneumop

Bioinformatics verification of copper resistance proteins (A) CopC and (B) CopA through multiple sequence alignment (with verified conserved key

residues marked with red arrows), phylogenetic reconstruction and 3D protein model comparison.

(Ipsen et al,, 2021). The key residues include histidine, aspartate, and
glutamate, which are all conserved in our viral homologs (Figure 3A,
marked with red arrows). The functions of these key residues are to bind
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copper ions and to regulate the activity of the protein. The binding of
copper ions is important for the proper functioning of the protein, as it
is involved in the transport of copper ions across the outer membrane of
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FIGURE 4

Bioinformatics verification of arsenate resistance proteins ArsC through multiple sequence alignment (with verified conserved key residues marked
with red arrows), phylogenetic reconstruction and 3D protein model comparison.

E. coli. Additionally, the regulation of the protein’s activity is important
for the proper functioning of the protein, as it helps to ensure that the
protein is active when needed and inactive when not needed. Histidine
is important for the coordination of copper ions, while aspartate and
glutamate are involved in the stabilization of the copper-binding site.
Additionally, these residues are involved in the regulation of the
protein’s activity. As verified by previous site-directed mutation
study (Ipsen et al, 2021), the residues Hisl and His83 are essential
for the extremely high copper affinity of CopC. Mutations in the

Frontiers in Environmental Science 07

conserved Glu27 affect the oxidation rate of ascorbate and Apo
D83A was unable to bind Cu(Il) since Asp83 residue directly
coordinates copper through its carboxylic group. The other copper
resistance proteins found to be encoded by virus in our study is CopA,
which displays domains that are characteristic of P-type ATPases
containing conserved functional residues as visualized after structure
modeling (Figure 3B). Val 74 of CopA is reported to initiate the long
and curved helix, and the N-terminal part provides a short
transmembrane helix kinking at the cytosolic membrane interface
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facilitated by two conserved glycines, Gly129 and Gly130. Conserved
residues Met 148, Glu 205 and Asp 337 from the entry are responsible
for initial Cu* coordination. Cu* was then transferred from Met 148 to
Cys 382, stabilized by hydrogen bonds of Leul51 and Ilel152.
Negatively charged residue Glu189 further stimulated Cu" release to
the extracellular side. Finally, the conserved residue Met717 was
suggested to serve to guide copper to the exit (Gourdon et al,
2011). These verified conserved key residues are marked with red
arrows in the multiple sequence alignment graph (Figure 3B).

2.2.3 Arsenate resistance

Arsenate reductase (ArsC) catalyzes the reduction of arsenic-
containing compounds for detoxification, which is a common
contaminant in metal-contaminated soils. The key residue in ArsC
enzymes is typically a cysteine residue, which is responsible for binding
and reducing the arsenic compound. The initial step of arsenate
reduction by ArsC involves the active cysteines Cys8 and Cys80 (the
substitutions of Cys8 and Cys80 by serine led to inactive reactions), and
the reaction results in the formation of a Cys8-Cys80 disulfide-bridged
intermediate (Hu et al,, 2015). Consistently, these two Cys residues are
conserved in the viral homolog (Figure 4). The predicted structure of
viral ArsC is in highly homologous to Synechocystis ArsC (RMSD 1.67,
TM-align score 0.85) (Hu et al., 2015): a central f-sheet is formed by
four parallel f(-strands, which are flanked by three a-helices and
extended loops. The secondary structural elements are generally
similar but differ in local conformations. Besides, S-adenosyl-L-
methionine-dependent methyltransferases (ArsM) detected in the
virome that contain conserved cysteine residues (see Supplementary
Figure S1 at https://doi.org/10.6084/m9.figshare.22226998.v3), might
also enhance the ability of virus-bacteria consortium to survive in metal
contaminated soils by transferring methyl groups from S-adenosyl-L-
methionine to metals like arsenite to reduce the toxicity (Struck et al,
2012).

2.2.4 Other metal resistance proteins

Metal resistance proteins with wider metal substrate specificity are
also found (Figure 1F). Anion transmembrane transporters (ALU1-P) are
proteins that facilitate the movement of anions (negatively charged ions)
across the cell membrane. By having this activity, the virus can more
easily move anions in and out of the cell, which can help it to survive in
metal contaminated soils. For example, anion transmembrane
transporters can help the virus to take up essential nutrients, such as
iron, from the soil, which can help it to survive in metal contaminated
soils. Additionally, anion transmembrane transporters can help the virus
to expel toxic metals from the cell. Another protein, CutA1l with divalent
ion tolerance potential, is a ubiquitous trimeric protein that binds to
heavy metals, such as zinc, copper and helps to prevent them from
entering the cell and damaging its genetic materials (Tanaka et al., 2004).
This helps to increase the virus-bacteria consortium’s ability to survive in
metal contaminated soils.

2.3 Viral genes indirectly related with metal
resistance

Apart from the viral genes directly involved in metal efflux and
metabolism, there are other viral genes from the virome of metal
contaminated soils putatively response to heavy metal stress (see
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Supplementary Table S2 at https://doi.org/10.6084/m9.figshare.
22226998.v3), which can be classified into categories as followed:
gene regulation, auxiliary metabolism, molecular chaperone,
antioxidant and DNA repair.

2.3.1 Gene regulation

Viral genes encoding LysR-type and LuxR family transcriptional
regulators, restriction modification, SOS response components, and
ROK family proteins that may function in host gene expression
regulation are detected in the virome from the metagenomes of
metal contaminated soils (see Supplementary Table S2 at https://doi.
0rg/10.6084/m9.figshare.22226998.v3).

LysR-type transcriptional regulator (Lsr) family proteins are
involved in the regulation of a variety of metabolic processes,
including the utilization of alternative carbon sources, the
production of secondary metabolites, and the response to
environmental stress. Previous results have suggested that the
Lsr proteins help Mpycobacterium smegmatis cells cope with
stress conditions, including hypoxia and exposure to toxic
compounds (Kolodziej et al., 2021). Restriction modification
systems (RMS), consisting of restriction endonucleases (REs)
and DNA methylases (MTases), regulate virulence, plasmid
mobilization, bacterial immunity, DNA repair, transcription,
replication, regulation and resistance in bacteria. The SOS
response associated peptidase (SRAP) is a type of enzyme that
helps to repair the damage and restore the cell's normal
functioning by cleaving specific peptides that are produced
during the SOS response. SRAP also acts as a DNA-associated
autoproteolytic switch that recruits diverse repair enzymes to
efficiently fix crosslinking DNA damage caused by the metals
(Kihbacher and Duxin, 2020). The LuxR family proteins are
transcriptional regulators that bind to the [ux promoter and
activate the expression of genes involved in quorum sensing in
response to environmental signals. Quorum sensing (QS) is a
process of cell-to-cell communication in bacteria that allows
them to coordinate their behaviors and expression of a variety
of genes in response to changes in their environment (e.g., heavy
metal stress), including those genes encoding motility, nodulation,
plasmid transfer, bioluminescence, and biofilm formation against
environmental turbulence (Chen and Xie, 2011), enhancing the
virus-bacteria consortium’s ability to resist surrounding
challenges, and thereby increasing viral ability to infect,
host
contaminated soils, the LuxR proteins of QS system might also

replicate and spread in different cells. In metal
help the virus-bacteria consortium to survive by regulating the
expression of genes involved in metal resistance, such as those
encoding metal-chelating proteins, efflux pumps, and other
proteins involved in metal detoxification, allowing their
bacterial hosts to better tolerate the toxic effects of metals. The
ROK family of genes encodes repressor, open reading frame, and
kinase proteins, which are important for regulating gene
expression and controlling the activity of enzymes. These
proteins can help to regulate the expression of genes involved
in viral replication and host metabolism. Genes that encode
transcriptional regulator CopR, CzcR, and AcrR/ybaH TetR
family transcriptional regulators, would help to regulate the
expression of genes involved in the metal stress response. These

proteins bind to specific DNA sequences and control the
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expression of genes involved in metabolic pathways in response to
toxic compounds.

By controlling the expression of genes, the virus-bacteria
adapt
environment and increase its ability to survive. The expression of

consortium can better to the metal contaminated
genes involved in metal resistance can be upregulated to better
tolerate the metal-contaminated environment. Additionally, the
expression of genes involved in nutrient acquisition can also be
upregulated, allowing the virus-bacteria consortium to better utilize

the available resources.

2.3.2 Auxiliary metabolism

Auxiliary metabolic genes (AMGs) are genes that are carried by
lysogenic viruses and are involved in the metabolism of the host cell.
These genes are not essential for the survival of the virus, but they
can provide the virus-bacteria consortium with an advantage in the
environment, which can be involved in a variety of metabolic
pathways, including the synthesis of amino acids, vitamins, and
other metabolites. They can also be involved in the degradation of
toxic compounds, the production of antibiotics, and the regulation
of gene expression. AMGs can be horizontally transferred between
different virus-bacteria consortiums, allowing them to adapt to
different environments. Consistently, a wide range of AMGs are
detected in the virome from the metagenomes of metal
contaminated soils (see Supplementary Table S2 at https://doi.
0rg/10.6084/m9.figshare.22226998.v3).

Chitinase class I is an enzyme that breaks down chitin, a
polysaccharide found in the cell walls of fungi and other
organisms. By breaking down chitin, the host can gain access to
nutrients and other resources that would otherwise be unavailable.
Overexpressing chitinase has shown to confer resistance to salinity
and heavy metals (Song et al., 2011). UDP-galactose 4-epimerase
(GalE) is a gene that encodes a protein involved in the synthesis of
galactose, an energy source sugar. By encoding from virus the gene
for GalE, the viral hosts can utilize galactose more efficiently as an
energy source, which can help it to survive in metal contaminated
soils. Cellulose 1,4-beta-cellobiosidase is an enzyme that breaks
down cellulose, a major component of cell walls. By having this
enzyme, the virus-bacteria consortium can more easily break down
The dTDP-4-
dehydrorhamnose 3,5-epimerase helps to convert dTDP-4-

the cell walls of dead microbial residues.
dehydrorhamnose into dTDP-4-keto-6-deoxy-D-glucose, which is
of the

polysaccharides and biofilm components. By having this enzyme

an essential precursor for the synthesis surface
present in the viral sequences, the virus-bacteria consortium would
synthesize the cell barrier more efficiently, which would in turn
enhance its ability to survive in metal contaminated soils. Beta (1-6)
glucans synthase is an enzyme that helps to synthesize beta-glucans,
which are polysaccharides that are found in the cell walls of bacteria,
fungi, and algae. Beta-glucans are known to have a variety of
beneficial properties, including the strong ability to bind to and
neutralize (forming a complex) toxins and metal ions, such as lead,
mercury, and cadmium (Ayangbenro and Babalola, 2017). Likewise,
alpha-1,4-glucan-protein synthase (UDP-forming) is an enzyme
that helps to synthesize alpha-glucan found in protective coatings
of many bacteria and fungi against the toxic effects of the metal. By
encoding this enzyme in the viral sequences, it could help the virus-
bacteria consortium to survive in metal contaminated soils by
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providing protection from the toxins and stimulating the
resilience response. Besides, oxidoreductases such as Fe(II)-
dependent oxygenase, tryptophan halogenase, and thioredoxin,
which are enzymes that promote oxidative reactions of the hosts,
forming cascades of signalization and reprogramming host
metabolism to facilitate viral infection (Silva et al., 2017; Wang
Q. et al,, 2022).

Phosphoadenosine phosphosulfate reductase (PAPSR) is an
enzyme that helps to reduce sulfate to sulfide, which is an
important source of energy for many viruses. The key residues of
the PAPSR are cysteine residues, which act as cofactors to reduce
PAPS to sulfite and adenosine monophosphate (AMP). These
cysteine residues form a network of hydrogen bonds that
facilitate the transfer of electrons (Yu et al, 2008). By having
PAPSR, the virus-bacteria consortium can use sulfate as an
energy source and use sulfide to chelate metal ions, such as
cadmium, mercury, or lead due to the formation of strong bonds
between metals and sulfuric complexes (Escobar-Ledesma et al.,
2020), which can help them survive in metal contaminated soils
from mineral area. Glutamine synthetase is an enzyme that helps to
convert ammonia into glutamine, which is an important amino acid
for the synthesis of proteins. By having this enzyme, the virus-
bacteria consortium can use the ammonia present in the metal
contaminated soils to replace damaged proteins and survive.
Additionally, glutathione synthesized from glutamine can also
help to detoxify toxic elements in the environment. Glutamine
amidotransferase (class-II) is enzyme involved in the metabolism
of nitrogen-containing compounds and the synthesis of amino acids.
Lactoylglutathione lyase helps to break down lactoylglutathione, a
compound that is toxic to many organisms. The lactoylglutathione
lyase family is reported to be involved in tolerance to salinity and
heavy metals (Heidel et al., 2016). These enzymes can help to
enhance the ability of viruses to survive in metal contaminated
soils by providing the necessary amino acids for its survival. Alkaline
phosphatase is an enzyme that helps to break down phosphates for
many metabolic processes. Additionally, alkaline phosphatase can
help to neutralize the acidic environment of metal contaminated
soils, which can also help the virus to survive. The pstS gene that
viruses carry is known to increase phosphorus uptake in times of
phosphorus deficiency (Nilsson et al., 2022). Viruses can use these
enzymes to help their host access and uptake more nutrients.
Meanwhile, the production of glycoproteins and cell membrane
glycogens would form complexes to immobilize heavy metals and
therefore reduce their toxicity. These extended metabolic potentials
can help the virus to survive in metal contaminated soils, where the
availability of nutrients is limited.

2.3.3 Molecular chaperone and antioxidant
Heat/cold shock proteins and protective redox proteins

effects of the

environment are also encoded by genes from the virome. Hsp20/

providing protection from the damaging
alpha crystallin family proteins, small heat shock proteins (sHSPs)
are a type of heat shock proteins that help protect cells from stress
and damage caused by environmental factors such as extreme
temperatures, heavy metals, oxidative stress, and other toxins. By
encoding these proteins, the virus can better survive in metal
contaminated soils by protecting itself from the damaging effects
of the metals. The Cold-shock DNA-binding domain is a protein

frontiersin.org


https://doi.org/10.6084/m9.fshare.22226998.v3
https://doi.org/10.6084/m9.fshare.22226998.v3
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1182673

Zhang et al.

domain that helps viruses to survive under cold temperatures. The
proteins may also help the virus to better survive in extreme
environments, such as temperature perturbation. Glutaredoxin-
like proteins, such as YruB-family, are involved in the regulation
of redox reactions, which are essential for the survival of viruses in
metal contaminated soils. These proteins can help to reduce the
oxidative stress caused by the metals, allowing the virus to survive in
the contaminated environment. Additionally, glutaredoxin-like
proteins can also help to scavenge reactive oxygen species (ROS)
and reactive nitrogen species (RNS), which can further enhance the
virus’ ability to survive in the metal contaminated soils. Superoxide
dismutase (SOD) is an enzyme that helps to protect cells from
oxidative damage of proteins and genetic materials caused by
reactive oxygen species (ROS). By providing protection from
ROS, SOD can help viral hosts to survive in metal contaminated
soils.

2.3.4 DNA repair

DNA repair proteins of various functions are also detected in the
virome from the metagenomes of metal contaminated soils (see
Supplementary Table S2 at https://doi.org/10.6084/m9.figshare.
22226998.v3). By repairing damages of DNA caused by metal-
induced oxidative stress, the virus-bacteria consortium can better
survive the metal contaminated soils by being able to replicate and
reproduce stably. This helps the virus to survive in harsh
environments by more efficiently repairing any damage to its
genetic material caused by metal contamination.

Endonuclease resolves Holliday junction intermediates during
homologous genetic recombination and DNA repair. DNA ligase
then repairs the broken strands of DNA. These enzymes can also
help the microbial consortium to more quickly replicate and
spread, as it can help to speed up the process of homologous
recombination, helping the virus to better adapt to its environment
by allowing it to more quickly evolve and acquire new genetic
DNA
endodeoxyribonuclease activity helps to enhance the ability of

material. excision and crossover  junction
virus-bacteria consortium to survive by allowing them to repair the
genetic material: break down the damaged DNA strands and
replace them with new, healthy strands. DNA mismatch
endonuclease Vsr helps to repair mismatched DNA bases in the
genome. This enzyme helps to ensure that the genome is accurately
replicated and that any mutations that occur are corrected. DNA
and RNA non-specific endonucleases are enzymes that can cleave
DNA and RNA molecules at soundings. These enzymes can help to
survive by allowing them to break down and degrade the DNA and
RNA molecules of other organisms in the soil, thus providing them
with a source of nucleotides and nutrients. Uracil DNA
glycosylases (UNG) may function in the repair of viral DNA
during periods of latency in non-dividing cells (Sire et al,
2008). The helicase nuclease enzyme would also help to
enhance the ability of virus-bacteria consortium to survive by
allowing them to quickly and efficiently repair any damage to their
genetic material caused by metal contamination. A helicase
nuclease prepares dsDNA breaks (DSB) for recombinational
DNA repair and then binds to DSBs and unwinds DNA via a
highly rapid and processive ATP-dependent bidirectional helicase
activity. The enzyme would also help to facilitate homologous

recombination.
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3 Discussion

Viral sequences integrated into the genomes of cellular
organisms and passed down through generations were previously
considered as a specific category of “junk DNA” [“What is that junk
DNA doing in the genomes?” was listed as one of the most advanced
scientific questions by the Editorial of Science (2005)]. However,
ongoing studies have unraveled the putative roles of these co-
of
(Moniruzzaman et al., 2020). In our study, we have discovered

evolution  products as  drivers genetic  innovation
various virus-borne genes putatively contributing to the metal
resistance of the microbial community in the metagenomes
recovered from heavy metal contaminated soil samples. Further
selection pressure and CAI analysis showed that all metal resistance
related genes that virus encoded exhibited a dN/dS ratio of less than
the cutoff value 1 and relatively high CAI values. Most non-
synonymous mutations have adverse effects on functionally
important genes and are often removed by purifying (negative)
selection (dN/dS ratio <1). We fail to detect any positive selection
signal across virome in this study with Posigene software (Sahm
et al,, 2017), suggesting that purifying (negative) selection might be
dominant and acts on functionally viral genes retrieved from metal-
contaminated soil samples since even minor changes in the gene
sequences might significantly affect the functionality of crucial
proteins. Besides, our results showed that around 53.2% of metal
resistance genes were predicted by the CAI to be highly expressed
(Figure 1E).

Consistent with our results, many studies has reported that
viruses can contribute to the stress resistance of microbial
communities by transferring genetic material that encodes for
stress (e.g., antibiotics and heavy metal) resistance genes (Huang
etal, 2021). This can occur through horizontal gene transfer (HGT),
where a virus carrying a stress resistance gene infects a host cell and
incorporates the gene to the host’s genome, and thereby increase the
stress resistance by providing the host cells with the ability to resist
the toxic effects of environmental stressors (e.g., antibiotics or
metals). Additionally, viruses can also act as vectors for the
spread of resistance genes among microbial communities,
allowing for the spread of resistance genes to other microbial
populations. It has been shown that the interaction between
viruses and bacteria was enhanced along with the increase of
chromium contamination (Huang et al, 2021). Besides, the
also

increasing chromium contamination levels among samples. The

abundance of lysogenic components increased  with
authors proposed that lysogenic phages may be the host’s
detoxification resort, since the abundance of genes related to
inorganic ion transport and reductase increased significantly in
the conditions with high heavy metal pollution (Huang et al,
2021). Likewise, it was found in previous research that when self-
transduced into the soil microbial genome, prophages (lysogenic
cycling)

microorganisms can assist the host in coping with arsenic stress

phage in lysogenic produced by arsenic-resistant
and the abundance of arsC and arsM in microcosm spiked with
active lysogenic phage carrying arsC and arsM were significantly
higher (by 122-fold and 575-fold) than control (no arsenic added),
indicating that viruses are involved in the HGT of arsenic
biotransformation genes and subsequent metal resistance gene

replication in microorganisms. Moreover, the soil arsenic level
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was positively correlated with metal resistance gene propagation rate
(Tang et al.,, 2019; Tang et al,, 2021). Similar promotion effects on
the virus-mediated transfer of stress resistance genes were observed
in samples treated with heavy metals such as Zn, Cr, and Cu (Yang
et al, 2021), nano-metal oxide particles (e.g., ZnO, TiO, ALO;)
(Han et al., 2020; Otinov et al., 2020; Ding et al., 2021; Li and Zhang,
2022), or organic chemicals (Sun et al., 2018). The mechanisms of
transduction induced by nanometal-particle may be that the reactive
oxygen radicals (ROS) induced by metals has caused phospholipid
peroxidation and increased the bacterial membrane permeability
(Han et al,, 2020; Xiao et al., 2021). This might explain the tripartite
interaction among the viruses, their host microbe and heavy metals,
in which nano-metal particles have aided viral infection by changing
the physical properties of microbial cell barrier, while viruses in the
other hand have endorsed metal resistance and prolong the life span
of their hosts for better reproduction. Consistently, our results have
shown that tellurium resistance proteins (e.g., TerD was present in
32.1% tested samples, Figure 1F) was among the most often detected
metal resistance genes that viruses carried, while the causes of the
enrichment remains unknown. Previous study has also found that
terC and terD located on mobile genetic elements are closely related
with bacteriophage infection and cellular response in addition to
tellurium resistance (Whelan et al., 1997). Besides, experiment study
has confirmed that recombinant plasmids carrying terCD-like genes
can endow microbes with high tellurite resistance (Peng et al., 2022).
Moreover, terC and terD genes are identified with versatile functions
beyond tellurium resis tance, which might have explained their
enrichment in virus-related sequences. For example, the ferC
homologue identified in the thylakoid membrane of Arabidopsis
thaliana plays a important role in the formation of chloroplast, and
terD homologue in S. coelicolor was suggested to take part in the
differentiation, cell growth, and spores forming (Kwon and Cho,
2008; Sanssouci et al., 2011; Schneider et al., 2014).

Superoxide dismutase (SOD) and Glutaredoxin (Grx) with
antioxidant activity are key players in regulating cellular oxidative
stress, which might be crucial in preventing damage caused by
metal-induced oxidative stress to the cellular machineries. These
proteins are also encoded by viral sequences from the metagenomes
of metal contaminated soils in the current study (see Supplementary
Table S2 at https://doi.org/10.6084/m9.figshare.22226998.v3). SOD
was biochemically characterized in Megavirus to reduce the cellular
oxidative stress after the viral infection (Moniruzzaman et al., 2020).
Likewise, it was demonstrated in previous studies that viral genes
conferring to bacterial survival benefits (e.g., DNA repair proteins),
or enhancement of fitness (e.g., carbohydrate degradation) were also
enriched upon antibiotic stress (Becattini et al., 2016), indicating
that viruses might be a key reservoir for environmental adaptation
genes to be retrieved by bacterial hosts in times of need
(Moniruzzaman et al., 2020). Additionally, we have discovered in
the viral sequences genes encoding DNA repair proteins (e.g., DNA
mismatch endonuclease Vsr), molecular chaperone (e.g., DnaJ,
CspA), carbohydrate metabolism and cell wall remodeling (e.g.,
RfbC) and gene regulation proteins (e.g, luxR family) (see
Supplementary Table S2 at https://doi.org/10.6084/m9 figshare.
22226998.v3), which may also contribute to the response of
microbial community to heavy metal stress. This is consistent
with the consensus that microbial heavy metal stress response
involves not only specialized metal transporters, but also various
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cellular processes associated with systems-level maintenance. For
instance, viruses might regulate host cell density by encoding QS
components (Wang Y. et al, 2022). Viral QS peptide Rape-
Phresimilar to the bacterial homolog is widely used in phages
and can be horizontal gene transferred (Bernard et al., 2021). Tt
has also been reported that soil nutrient cycling can be promoted by
stimulating enzyme activities of -glucosidase activity and alkaline
phosphatase in metal contaminated soil to meet C, N, and P
requirements for microbial activity (Duan et al, 2021). Soil
viruses have an important role in depleting P from the soil
ecosystem and the concentration of Pi in soil is correlated with
progeny produced by viruses (Han et al., 2022).

Additionally, in previous studies a strong correlation between
the relative abundance of metal resistance genes and lysogenic
phages was identified, which is most likely due to the fact that
most metal resistance genes are harbored by lysogenic phages
(Huang et al., 2021), which is also reflected by our results that up
to 11.4% detected viruses are lysogenic. This indicates a
mutualism between phage and hosts in the context of
lysogenic integration and rising metal pollution in soils.
Bacteria lysogenized by viruses offer a steady environment for
the housing viruses, in exchange for benefit from auxiliary genes
provided by the viruses. Additionally, metal resistance genes
found in the virome indicate viruses contributing to
biogeochemical processes in polluted sites. This might stir up
interest in virus-based strategies (such as virome transplantation)
for microbiome control. Moreover, many of these mentioned
virus-borne proteins have been experimentally proven to be
highly expressible and industrially valuable (Schvarcz and
Steward, 2018; Ha et al., 2021; Al-Shayeb et al., 2022; de
Oliveira et al.,, 2022), which is also reflected by the results of
our CAl analysis (Figure 1E). Lastly, it should be emphasized that
experimental confirmations of the functioning and expression of
metal-resistance-related genes located on soil-borne viral
sequences recovered in the current study are required for a

better understanding and future application of these genes.

4 Materials and methods

We first queried and retrieved all the items in the Genbank
public database (Benson et al., 2018) with the keywords “soil” and
“metal” within the “biosample” regions. We then chosen and
downloaded from the Genbank public database the out-coming
58 soil metagenomes of microbiome as listed in Supplementary
Table S1 at https://doi.org/10.6084/m9.figshare.22226998.v3 for
downstream analyses. Metagenome reads were assembled with
MEGAHIT version 1.1.1 with default k-mer options (Li et al,
2015). A combination of VIBRANT (Kieft et al, 2020) and
DeepVirFinder (Ren et al., 2020) were applied for viral scaffold
recovery and analyses under default parameters. CheckV v.1.0 was
applied for quality assessment (Nayfach et al, 2021) and PhaGCN
was applied for virus taxonomic assignment (Shang et al., 2021),
which was followed by protein sequence clustering and analysis
through software BPGA v.1.0 (Chaudhari et al., 2016) by default
procedures, as well as functional annotation against the EggNOG
database version 5.0 (Huerta-Cepas et al., 2019). Codon adaption
index (CAI) was used as a numerical estimator of gene expression
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level (Hiraoka et al., 2009; Zhou et al., 2013), and correspondingly,
the webserver CAlcal (Puigho et al., 2008) (http://genomes.urv.es/
CAlcal/calc.php) was applied to calculate respective CAI viral genes,
as conducted previously (Li et al., 2019). We used the PosiGene
pipeline (Sahm et al., 2017) for genome-wide detection of positively
selected genes. Origin Pro 2020 software (OriginLab, Northampton,
MA, USA) was used for data analysis and figure creation. The
phylogeny of different kinds of abiotic resistance gene was
constructed based on gene-translating protein sequences using
PhyML program (Guindon et al, 2010) with the Maximum
Likelihood (ML) method and 1,000 bootstrap replicates (with
bootstrap values in red showing on respective branches) and
visualized with iTOL (Letunic and Bork, 2021). Sequences were
aligned with MUSCLE (Edgar, 2004) and trimmed with Gblocks
(Talavera and Castresana, 2007) prior to tree construction.
AlphaFold2 (Jumper et al., 2021) and RoseTTAFold (Baek et al.,
2021) were applied to generate the full-length 3D structure of
proteins encoded by virus in this study.
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