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ARTICLE INFO ABSTRACT
Keywords: Viruses are ubiquitous in the gut of animals and play an important role in the ecology of the gut
Pig gut microbiome. The potential effects of these substances on the growth and development of the body

Viral metagenome

Viral diversity

Antibiotic resistance genes
Auxiliary metabolic genes

are not fully known. Little is known about the effects of breeding environment on pig gut virome.
Here, there are 3584 viral operational taxonomic units (vOTUs) longer than 5 kb identified by
virus-enriched metagenome sequencing from 25 pig fecal samples. Only a small minority of
vOTUs (11.16%) can be classified at the family level, and ~50% of the genes could be annotated,
supporting the concept of pig gut as reservoirs of substantial undescribed viral genetic diversity.
The composition of pig gut virome in the six regions may be related to geography. There are only
20 viral clusters (VCs) shared among pig gut virome in six regions of Shanxi Province. These
viruses rarely carry antibiotic resistance genes (ARGs). At the same time, they possess abundant
auxiliary metabolic genes (AMGs) potentially involved in carbon, sulfur metabolism and cofactor
biosynthesis, etc. This study has revealed the unique characteristics and potential function of pig
gut DNA virome and established a foundation for the recognition of the viral roles in gut
environment.

1. Introduction

As livestock, pigs provide people with a large number of meat products. They are a major meat source worldwide and the backbone
of Chinese livestock industry. The gut microbiome is a complex microecosystem [1], containing bacterial cells, viral particles, archaea
and eukaryotes. Thanking the development of high-throughput sequencing technologies (such as whole-metagenomic sequencing or
amplicon), the gut bacterial community has been well studied in recent years [2-5]. As shown in previous studies, gut microbes play an
important role in nutrient uptake and growth in pigs [6,7]. However, as another component of the gut microbial ecosystem, the pig gut
viral community (gut virome) was poorly described [8].

The viral component of the microbiome is mainly composed of bacteriophages [9], which are thought to play crucial roles in
shaping microbial communities through cell lysis and horizontal gene transfer. Understanding the spread of antibiotic resistance genes
(ARGsS) is critical to human health [10]. Although previous study have demonstrated that the pig gut virome carries very few ARGs,
only a sample size of 14 was used, which is relatively small [11]. ARGs are frequently found in pig fecal samples [4], but insights into
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whether the pig gut virome carries ARGs are lacking. Besides, viruses are able to encode auxiliary metabolic genes (AMGs) that are
beneficial to the host and promote the co-evolution of both [12]. At the same time, the abundance and community structure of host was
affected. In recent years, auxiliary metabolic genes (AMGs) have been suggested to enhance host metabolism and promote the pro-
duction of new viruses [13,14]. The role of viruses in different ecosystems, such as bovine rumen [15], human gut [16], mangrove soils
[17], prawn-culture sediments [18], Mariana Trench sediments [19], permafrost [20], rhizosphere soils [21] and freshwater [22] had
gradually been revealed. Analysis of virus-encoded AMGs showed that rumen viruses possess glycoside hydrolases (GHs) that increase
the breakdown of complex carbohydrates, thereby increasing energy production [15]. Mangalea et al. suggest that Rheumatoid
arthritis (RA) risk individuals have diverse phage communities that may alter intestinal metabolism through the introduction of
phage-derived specific AMGs [16]. Viruses in mangrove sediments encode abundant auxiliary carbohydrate-activate enzyme
(CAZyme) genes, most of which are necessary for the degradation of complex polysaccharides [17]. Chu et al. revealed that viral AMGs
contribute to the enhancement of host responses to environmental gradients and drive the biogeochemical cycle of mariculture
sediments [18]. However, there is currently limited knowledge about the viruses present in the gut of pigs, such as their identity, their
survival strategy and if they contain novel AMGs.

Environmental factors have been identified as potential factors influencing viral communities [23-25]. Gu et al. found that six
viromes from three saline lakes on Qinghai-Tibet Plateau were correlated with elevation, latitude, and concentrations of magnesium
and calcium [23]. A study on the virome of the South China Sea found that surface viruses and deep viruses were affected by different
environmental factors [24]. Surface viruses were affected by carbon flux and temperature. Deep viruses were associated with depth
and salinity. Zuo et al. also found that the human gut DNA virome was affected by geography, diet, urbanization and ethnicity [25].
And geography had the strongest impact of the examined factors on the human gut virome variation [25]. However, other studies have
reported opposite results [8,26]. Analysis of freshwater viral community from six different sites in the Yangtze River showed that viral
community structure was independent of geographical location [26]. A study of pig virome across China also pointed out that the viral
community structure was independent of geographical location [8]. In addition, farm management and biosafety are also potential
factors affecting the viral community [8]. They found that administration, isolated housing, and hygiene of farms significantly affected
the structure of pig viral community [8]. So, one focus of our study was to explore the influence of environmental factors on the pig gut
virome.

Fecal samples were collected from 25 healthy pigs at six farms in Shanxi province. Shanxi Province in China is located between
latitude 34°34’-40°44’ N and longitude 110°14’-114°33' E. It is located in the mid-latitude inland and belongs to the temperate
continental monsoon climate. Due to the influence of solar radiation, monsoon circulation and geographical factors, the climate of
Shanxi is characterized by four distinct seasons and significant differences between the north and the south. The average annual
temperature in Shanxi Province ranges from 4.2 °C to 14.2 °C, with an overall trend of increasing from north to south and decreasing
from the basin to the mountains. Datong Lingqiu farm (DTLQ) is located in northern Shanxi. Taiyuan Qingxu farm (TYQX), Jinzhong
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Fig. 1. The geographical distribution of pig farms and the pig gut viral community structure of classified vOTUs in six regions of Shanxi Province,
China. The pie charts show relative abundance on viral community composition, assessed for all vOTUs at the family level based on the results of
CAT, vConTACT2 and mmseq2 “easy-taxonomy”. The proportion of annotated vOTUs in total vOTUs for each pig farm is marked below the
farm name.
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Taigu farm (JZTG) and Jinzhong Shouyang farm (JZSY) are located in the central part of Shanxi. Changzhi Lucheng farm (CZLC) and
Jincheng Zezhou farm (JCZZ) are located in the south of Shanxi (Fig. 1, Table S2). In this study, virus-enriched metagenome
sequencing and virome-specific bioinformatics tools were used to investigate: (1) the effects of feeding environment on pig gut virome,
(2) the viral communities possible roles in the pig gut.

2. Method details
2.1. Experimental model and subject details

Fresh pig fecal samples were collected from six farms in the Shanxi province of China (Fig. 1, Table S2). These farms had the same
feeding standards and were owned by the same company. Pigs are fed according to the pig nutritional requirements standards (GB/T
39,235-2020) (Table S14). There were 25 pig fecal samples were obtained and stored in a portable ice box. The quantity of feces
collected from six farms was as follows: five fecal samples were collected from TYQX and four fecal samples were collected from each of
the other five farms. Next, they were transferred the laboratory within 24 h. Samples were stored at —80 °C until DNA extraction. Our
experiment was approved by the Institutional Animal Care and Use Committee of Shanxi Agricultural University to meet the re-
quirements of animal ethical welfare. The project number is SXAU-EAW-2022P-CU.1,005,003.

2.2. Fecal VLP nucleic acid extraction

Fecal virus-like particles (VLPs) were extracted using the method described by Shkoporov et al. but with minor modifications [27].
Aliquots of 1.5 g of pig feces were resuspended in 30 mL of SM buffer [NaCl 5.8 g, MgS04-7H20 2.0 g, 1 mol/L Tris-HC] 50 mL (pH 7.0),
2% gelatin 5 mL, add pure water to 1 L, and store at 4 °C] and strongly vortexed for 5 min. The centrifuge tube was shaken on a shaker
for 30 min. Tubes were then chilled on ice for 5 min prior to centrifugation at 5000 g in a centrifuge (Beckman) for 10 min at +4 °C.
Supernatants were transferred to another 50 mL tube, and centrifugation was repeated once again. Supernatant was subsequently
filtered twice through a 0.22-pm PES membrane. NaCl particles and PEG-8000 powders were then added to the filtrate to give a final
concentration of 0.5 M and 10% w/v, respectively. After complete dissolution, samples were incubated overnight (24 h) at + 4 °C.

On the following day, the samples were centrifuged at 5000 g for 20 min at + 4 °C to collect viral particles (Fig. S1). Supernatant
was removed, and tubes were left in inverted position on paper towels for 5 min to remove last traces of supernatant. Viral particles
were then resuspended in 250 pL of SM buffer. To ensure that the collected virus is not disturbed by free DNA in the environment,
DNase I is added to pellets at 37 °C for 2 h to remove free DNA [17]. Extra DNase I was deactivated at 70 °C for 10 min.

2.3. Viral DNA extraction

The viral DNA was extracted by using Nucleic acid extraction reagent (magnetic bead method, 502-B Type) according to the
manufacturer’s protocols (GENFINE). The extracted DNA was measured concentration using Qubit 3 Fluorometer and gel
electrophoresis.

2.4. Shotgun sequencing of viromes

At the beginning, we were worried that the concentration of viral DNA extracted was too low to complete the construction of the
library. Therefore, samples 3 and 4 from each farm were mixed and sequenced separately, including DTLQ3_4, TYQX3_4, JZSY3 4,
JZTG3_4, CZLC3_4, JCZZ3 4. Since DTLQ samples 1 and 2 had less sample mass, they were mixed together and sequenced. The
remaining 14 samples were sequenced separately, including TYQX1, TYQX2, TYQX4, TYQX6, JZTG1, JZTG5, JZSY1, JZSY2, CZLC1,
CZLC5, JCZZ2, JCZZ3, JCZZ4, JCZZ6 (Table S2). We are using the same batch of samples. The 14 fecal samples were sequenced
separately to explore individual differences in pig gut virome. All viral DNA samples were subjected to shotgun metagenomic
sequencing by using the Illumina Novaseq6000 platform. Libraries were prepared with a fragment length of approximately 350 bp.
Paired-end reads were generated using 150 bp in the forward and reverse directions.

2.5. Pig gut DNA virome assembly and identification

The quality control of raw reads was performed using fastp (0.19.7 —cut_tail -W 4 -M 20 -n 5 -c -150 -w 3) [28]. Then bwa
(0.7.17-r1194-dirty) was used to map reads to the pig reference genome (Sus_scrofa.Ss-crofall.l. dna.toplevel.fa.gz) for removing host
contaminated reads [29]. Each sample was individually assembled using MEGAHIT (v1.2.9) with the options “~min-count 2 -k-min 27
—k-max 87 —k-step 10 —-min-contig-len 500”. The unassembled reads underwent a second round of assembly and were then combined
with the first round of assembly [5,30]. A downstream analysis was performed for longer than 5 kb contigs and they were extracted by
seqkit (2.2.0) [31]. After that, viral contigs were identified by Yan et at.‘s protocol [32]. Longer than 5 kb contigs were identified as
viruses when they satisfied one of the following conditions: 1, use VIBRANT’s default parameter to identify viruses (-virome mode -1
5000) [33]. 2, the number of viral genes is more than microbial genes based on searching against the CheckV marker gene set [34]. 3, P
< 0.01 and score >0.9 in the DeepVirFinder, a virus sequence-based k-mers word frequency and machine learning method for virus
sequence recognition [35] (an upgraded version of VirFinder) [36]. Viral contigs were pairwise blasted and the highly consistent
viruses with 95% nucleotide identity and 80% coverage of the sequence were further clustered into viral operational taxonomic units
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(vOTUs) using CD-hit-est [37]. The obtained vOTUs were evaluated for the completeness of genomes and filtered out
host-contaminated regions in viral contigs by CheckV [34].

2.6. Calculating relative abundances and taxonomic annotation of virome

To calculate the relative abundance of viral communities in each farm, an index of 3584 vOTUs was built using Bowtie2 [38]. Next,
clean reads in each sample were mapped each vOTU using SAMtools (v1.9) [39]. Then, the CheckM (v1.2.0) was used to get the
number of reads mapped in each viral contig [40]. Finally, Reads per Kilobase per million Mapped Reads (RPKM) was used as the
relative abundance of the viral contigs.

Classification annotations in viral contigs at the family level use the following three methods: First, (1) CAT based on the lowest
common ancestor (LCA) algorithm [41]. (2) vConTACT2 based on gene-sharing networks [42]. (3) Use NCBI nr database (June 2022)
to extract the virus sequences corresponding to the international Committee on Taxonomy of Viruses (ICTV), using mmseqs2
“easy-taxonomy” mode to annotate viral contigs (https://github.com/apcamargo/ictv-mmseqs2-protein-data-base). Pig gut virome
was compared with the reference virus genome (virus RefSeq201) using vConTACT2 [42] (-rel-mode ‘Diamond’ —pcs-mode MCL
—ves-mode ClusterONE). At the same time, each farm pig gut virome was also compared using the same way. The final results were
presented using Cytoscape v3.9.1 software (http://cytoscape.org/), using an edge-weighted spring embedded model, which allows
shared viral clusters (VCs) to be displayed in a closer manner [43].

2.7. Phylogenetic analyses of terL gene

The large terminase subunit gene terL is a key feature of Caudovirales (or tailed dsDNA phages). It is highly conserved in phage
phylogeny [17,44]. As a result, it was utilized to construct a genetic tree to evaluate the diversity of pig gut Caudovirales viruses. Pfam
domains of TerL proteins of pig gut viral contigs were searched against the Pfam 33.1 database [45] using the hmmsearch program in
the HMMERS3 package (E-value 1e-5) [46] using the method described by Ma et al. [47], and four domains, including Terminase_1
(PF03354), Terminase_3 (PF04466), Terminase_GpA (PF05876) and Terminase_6 (PF03237). The TerL proteins of viral references
were download form NCBI Viruse database (https://www.ncbi.nlm.nih.gov/labs/virus/) in May 2022, including “TerL”, “terminase
large subunit” and “large terminase subunit” proteins. TerL protein sequences from pig gut virome and viral reference were aligned
using MUSCLE v3.8.31 (-Super5) [48]. Gaps were trimmed using trimAl v.1.4 (-gappyout) [49]. Phylogenetic reconstruction was
performed using the Fasttree (-wag) program [50]. The tree was manually edited by iTOL v6 [51].

2.8. Virus-host prediction

Host CRISPR-spacers match was used to predict viral hosts. Spacers come from two parts. First, CRT [52] and PILER-CR [53] were
used to identify spacers (https://git-hub.com/snayfach/MGV/tree/master/crispr_spacers) from 24 pig gut metagenomic datas
(Bingzhen Ji et al., unpublished data) and 11,804 spacers were got from microbial hosts. Besides, 720,391 spacers were predicted using
CRISPRFinder and PILER-CR from bacterial and archaea sequences [54]. The viral sequences were matched spacers using balstn (-task
blastn-short -evalue 1e-5 -outfmt 6 -dust no -word_size 18). And final results were filtered with bit score >45 [55,56]. CAT [41] was
used to classify contig of pig gut microbial hosts. And only contigs with annotated results were retained. Finally, if a bacterium
produced the highest number of spacers hits, it was considered as the primary host.

2.9. Functional profiles and identification of viral AMGs

Antibiotic resistance genes were identified using four tools: (1) ARG Resfinder [57] (E-value 1e-5), (2) the NCBI AMRfinder tool
v3.10.24 using default options [58], (3) the Resistance Gene Identifier (RGI) v5.2.1, CARD v3.2.4 [59], (4) ABRicate (https://github.
com/tsee-mann/abricate). 5300 viral contigs were verified for the presence or absence of ARGs before virus clustering. VIBRANT and
NCBI nt databases were used to determine the source of these contigs. VIBRANT was also used to determine whether the contigs were
linear or circular. All virus-encoded proteins were blasted against the eggNOG database v5.0.2 [60] using a python script, emapper. py
v2.1.7, with the parameters -matrix BLOSUM62 —evalue 1e-5 —dbtype seqdb -m diamond [61]. And the clusters of orthologous groups
(COGs) information for each protein was assigned and count the number of categories.

For viral AMGs identification, the following two methods were mainly used: (1) CAZymes from these viral open reading frames
(ORFs) were identified on the dbCAN web server based on CAZyme family-specific HMMs [62]. ORFs related to carbohydrate
metabolism were compared with NCBI nr database and Pfam database to determine the best annotation. (2) To identify downstream
AMGs, CheckV [34] was used to remove the host contaminated region of each viral contig. DRAM-v (DRAM-v.py) [63] was uesd to
annotate pig gut vOTUs and recover their putative AMGs. Due to DRAM-v required VirSorter2 (v2.2.3) [64] output, 3119 viral contigs
with high viral scores (>0.5) were selected throuth VirSorter2 (—prep-for-dramv). Next, the default parameters of DRAM-v were used
to identify viral AMGs. From the DRAM-v output, putative AMGs with auxiliary scores <4 and gene descriptions were retained. As a
complement, the default parameters of the VIBRANT were used to identify viral AMGs [33]. For VIBRANT results, those annotated as
“energy metabolism” of those annotations were considered to be a potential AMGs [19]. A manual calibration method was used for
getting high confidence AMGs based on DRAM-v and VIBRANT outputs [65]. As previously reported [66,67], to ensure the reliability
of viral AMGs, the genes related to nucleotide metabolism, organic nitrogen, ribosomal proteins and glycosyltransferases were not
considered as viral AMGs. Furthermore, if a putative AMG was located between two viral hallmark genes or viral genes, or be close to
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viral hallmark gene or viral gene, the gene was considered to be a high confidence viral AMGs for the subsequent analysis [19]. For
identification of virus genomic context, genes adjacent to AMG were searched to the UniProt virus database for getting annotations
(2022.3 release, -e 1le-5). For these AMGs, the conserved domains of viral AMGs were identified by NCBI CD-search tool [68] and the
Phyre2 online was used to search the protein structural homology [69].

Previous studies have shown that viral AMGs can be derived by host horizontal gene transfer [70]. Thereby phylogenetic trees of
virus and reference microbial hosts AMGs can be constructed to predict host of these viruses [17,71,72]. For getting the relevant
reference sequences of the relevant species, the amino acid sequences of AMGs were searched against the NCBI nr database (online
comparison) (-e le-5 and bitscore >50) [17,72]. To establish an AMG phylogenetic tree, the amino acid sequences from the reference
sequences and viral AMG sequence were blasted by MEGA11 [73]. And a neighbor-joining tree was built and NO. Of Bootstrap
Replications was 1000.

3. Quantification and statistical analysis
The a-diversity (Simpson’s H and Shannon’s H) statistics were performed using vegan (v 2.5-6) in Rstudio (v February 1, 5001; R
Stats v 3.6.1), based on the relative abundances of vOTUs. Viral communities of PCoA and CCA used https://bioincloud.tech/. Viral

genome quality assessment used GraphPad Prism8. The sankey diagram of virus host prediction and AMGs gene cluster were made by
https://www.chiplot.online/

4. Results
4.1. An overview of six pig gut viromes

Fecal samples from pigs were collected in six different regions of Shanxi Province. All pig farms are shown in Fig. 1. The biological
repeats for each region were as follows: DTLQ = 2, JZTG = 3, JZSY = 3, TYQX = 5, CZLC = 3 and JCZZ = 5. Prior to metagenomic
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Fig. 2. A comparison of the pig gut viral community diversity in six regions of Shanxi Province and their relationship with geography. Simpson (A)
and Shannon (B) indices of the viral community diversity from six regions of Shanxi Province. (C) PCoA of pig gut viromes from six regions. (D) CCA
of the relationship between pig gut viral communities and geographical locations. Asterisks denote significance, with * indicating p < 0.05.
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sequencing, the PEG8000+NacCl physical precipitation method was used for VLP enrichment. The sequencing volume of each library is
approximately 1G. And twenty-one viral metagenomic libraries were obtained after Illumina sequencing, containing approximately
21G bases raw data (a total of 120, 009, 418 raw paired-end reads [150 bp each-end]) (Table S2). After quality control, six viromes
contained a total of approximately 75 million paired clean reads. A total of 17,790 contigs longer than 5 kb were assembled by
MEGAHIT. The combination of the prediction outputs of VIBRANT, DeepVirFinder and CheckV [33-35] resulted in the detection of
5300 viral contigs longer than 5 kb (Fig. S2A). Based on 95% nucleotide similarity and 80% coverage, 3584 vOTUs were obtained
(Fig. S2A). There were a total of 365 viral contigs that had more than 50% completeness, with 143 of them having more than 90%
completeness (Table S3, Fig. S2B). There were 1264 viral contigs that were more than 10 kb and 3 viral contigs more than 100 kb. The
longest contig was 156,869 bp. A total of 90 provirus sequences were found by CheckV [34], ranging from 90 bp to 51,316 bp
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(Table S3).
4.2. Pig gut viral community structure

In order to explore the difference of pig gut viral composition among six regions of Shanxi, the composition of annotated vOTUs at
the family level was compared in each region. The vOTUs were annotated using CAT, vContact2 and a custom mmseqs2 viral protein
database [41,42] and represented an average relative abundance of 12.70% at the family level. (Fig. 1). Siphoviridae (15.21%
~49.03%) and Podoviridae (5.81%~35.78%) were the abundant families of these pig gut viromes. However, the Microviridae [74], a
nonenveloped ssDNA viruses, occupied a high proportion (72.41% and 34.45%) in the DTLQ and CZLC. The Phycodnaviridae, a
Nucleocytoplasmic large DNA viruses, were also discovered in all samples based on mmseqs2 “easy-taxonomy”. There was a similar
viral composition between TYQX and JZTG, while the other four pig gut viromes had a big difference. Inoviridae were also prevalent in
the pig gut virome from six regions, which was consistent with previous studies [10]. In addition, the composition of gut virome of each
pig was also individual specific at the family level (Fig. S3).

Simpson and Shannon indexes were analyzed to explore whether there was a difference in the alpha diversity of pig gut DNA
viromes in six different regions. The Simpson index of the pig gut virome from DTLQ was significantly lower than that virome from
TYQX (p < 0.05) (Ordinary one-way ANOVA, Fig. 2A). In addition, the Shannon index of six pig gut DNA viromes was not significantly
different. (Kruskal-Wallis test, Fig. 2B). Pig gut viromes in Shanxi Province were related to geography by principal-coordinate analysis
(PCoA) (Bray-Curtis distance, Fig. 2C). The pig gut viromes from TYQX, JZTG, JZSY and CZLC were very similar. While JCZZ and
DTLQ’s pig gut viromes showed significant variation from the pig gut viromes in other four regions respectively (p < 0.01) (Fig. 2C).
Canonical Correspondence analysis (CCA) analysis was also used to explore the association between pig gut viral communities and
environmental factors. Taking into account consistent feeding standards, we tentatively propose that geographical location could be a
factor impacting the pig gut viral community, despite the small sample size. (p < 0.1) (Fig. 2D).

In order to compare the composition of pig gut virome in different regions of Shanxi and the differences between the discovered pig
gut virome and the reference database, a gene sharing network was constructed using vContact2 [42]. There were only 20 viral clusters
(VCs, with a very high probability of the same genus in a VC) shared by the viruses in the six regions of Shanxi Province, suggesting that
there were significant differences among different regions of pig gut virome (Fig. 3A and B). Only 16 VCs were shared between the pig
gut and viral RefSeq201, suggesting that there’s still a lot of dark matter in the pig gut virome. (Fig. 3C). Interestingly, Oengus-like
Phages were also found at VC152_0 b y cluster analysis of vContact2 (Table S5). It is a particularly large one of 171 elements, 170
of which originated from pig gut viral contigs. Of note, one reference phage genome was related to them. It is temperate phage Oengus
(Oengus-like Phages) infected the Firmicute Faecalibacterium prausnitzii [75].
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|| siphoviridae
! Myoviridae
[ ] Podoviridae
B un_caudovirales

— pigeaut
refseq

Fig. 4. Phylogenetic tree of terL genes of Caudovirales from pig gut virome and reference viral sequences. The red lines represent pig gut virome
sequences and the black lines represent reference viral sequences.
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4.3. Phylogenetic tree of terL gene

Caudovirales viruses are the most abundant viruses in pig gut, and the terL gene is highly conserved among these viruses. Phylo-
genetic analysis of TerL proteins was used to assess the diversity and genetic distance of pig gut virome. A total of 319 pig gut terL genes
and 1586 reference terL genes were used to construct a phylogenetic tree. To date, although Caudovirales have been well studied, there
were still phylogenetic distances between pig gut Caudovirales sequences and the known reference viral sequences. Pig gut Caudovirales
sequences are divided into four groups (Fig. 4). As shown in Fig. 4, most of the viral sequences were Siphoviridae (n = 1154), followed
by Myoviridae (n = 324) and Podoviridae (n = 274). In addition, similar results were obtained for pig gut Caudovirales sequences. Most
of the pig gut Caudovirales sequences were Siphoviridae (n = 154), followed by Myoviridae (n = 37) and Podoviridae (n = 11). The clades
of pig gut Caudovirales sequences enriched previously uncharacterized diversity and defined new branches of Caudovirales. There is a
new branch of viruses that contains one reference protein, thermus phage P23-45 (NC_009803.1) and 43 pig gut viruses. It suggested
that these pig gut phages had the ability to infect thermus bacteria.

4.4. Host prediction of viruses

By host CRISPR-spacers match, 154 viruses of the 3584 vOTUs were able to assign the potential hosts at the phylum level (10 phyla)
and the genus level (40 genera) (Fig. 5). For host prediction of viruses, the use of the bulk metagenomes from the same pig farm could
improve the rate of viral host prediction, as compared to use reference genomes from bacteria and archaea alone. It was consistent with
previous results [18]. Most viruses had a narrow host range, which only infected one phyla. Only five viruses were able to infect two
phyla, one virus can infect three phyla, which is consistent with previous results [18,66,76,77]. The number of hosts for these viruses
was Firmicutes (n = 81), Actinobacteria (n = 21) and Bacteroidetes (n = 20), followed by Proteobacteria (n = 13) at the phyla level.
Interestingly, there were three viruses associated with two archaea phyla, including Euryarchaeota and Candidatus Thermoplasmatota.
These results illustrated that pig gut virome was strongly associated with microbial hosts, which in turn affected the gut environment.

Host(phylum) Virus(family) Host(genus)
D Actinobacteria Collinsella .
Siphoviridae un_Firmicutes
Firmicutes Clostridium ==
Salmonella =
A
s SN S Calothrix ==
Bacteroidetes = /, - . Myoyviridae AN Acetivibrio
) § N Xylanimonas-m=m
= Cyanobacteria = a \ \\: \ Rubellimicrobium- ==
. Proteobacteria other virus N =~ Anaeromassilibacillus" [l
> N\ RV Thermoanaerobacterium-==
——eae = Inoviridae 3 N N Bacteroides-==

[ Fibrobacteres

=3 Spirochaetes
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==-Tenericutes
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% Prevotella [
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Fig. 5. Host prediction of pig gut virome. Sankey diagram shows that the association between pig gut virome and host based on host CRISPR-spacers

match. The red boxes are the pathogenic bacteria.
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4.5. ARGs annotation of pig gut virome

ARGs were detected in 5300 viral contigs using different antibiotic resistance gene annotation software. The search against Res-
finder [57] revealed that one viral contig encoded one putative ARG (e = 8.12e-11). In order to further verify whether the viral contigs
carried ARGs, AMRfinder, RGI and ABRicate were used [58,59]. Surprisingly, only one contig was detected in four softwares (Table 1).
It encoded a blaVIM-48-1 gene. The origins of this contig were determined using VIBRANT software and NCBI nt database (August
2022) [33]. Although this contig was annotated as a virus by the result of VIBRANT. After alignmenting with the NCBI nt database, this
contig turned out to be 99.77% idential to Sphingobium sp. TKS plasmid pTK5 (Accession CP005089.1). In addition, this ~6.5 kb contig
was linear and contained a 49 kb deletion compared to plasmid pTK5. So, it was rather a plasmid fragment than a virus. In summary,
only one contig (0.019%) out of 5300 contigs, or below 0.0179 per Mb of assembled viral contigs, may carry ARG. It was revealed that
the pig gut virome rarely encodes ARGs.

4.6. Functional annotation and identification of AMGs from pig gut virome

In order to explore functional diversity of pig gut virome, the predicted ORFs of viral contigs were annotated by searching against
the clusters of orthologous groups (COGs) in the eggNOG database. Only 26.22% of the viral open reading frames (ORFs) (13,746 out
of 52,425) were assigned to some COG classes (Table S8). 51.43% of the viral ORFs (7069 out of 13,746) were “function unknown”,
indicating the presence of a large number of unidentified viral genes in the pig gut virome (Fig. S4). Although the ORFs of annotated
viruses are widely distributed across most COG function categories, most of the ORFs are related to conventional viral functions,
primarily “replication, recombination, and repair”, “cell wall/be/envelope biogenesis”, “transcription” and “nucleotide transport and
metabolism” (Fig. S4, Table S8). These functions are essential for viral reproduction and morphogenesis.

A large number of CAZymes genes in pig gut virome were identified using the dbCAN server. These CAZymes genes mainly included
Glycoside Hydrolases (GHs), Carbohydrate Esterases (CEs), Auxiliary Activities (AAs), Glycosyl-Transferases (GTs) and Carbohydrate-
Binding Modules (CBMs) (Fig. S5). 52.74% of CAZymes genes (346 out of 656) were GHs (Fig. S5, Table S7). Viral AMGs were also
identified by viral protein annotation using VIBRANT and DRAM-v software, with manual curation. These AMGs were mainly involved
in carbohydrate metabolism, sulfur metabolism and cofactor biosynthesis. Finally, 16 AMGs had strongly supported (>98% confi-
dence) structures predictions as enzymes involved in carbon metabolism, sulfur metabolism, cofactor biosynthesis. 93.75% of them
(15 out of 16) possessed the conserved functional domains (Table S12).

In general, AMGs of seven viruses were involved in carbon metabolism, including the genes of glycoside hydrolases (GH25),
Carbohydrate Esterases (CE3), methenyltetrahydrofolate cyclohydrolase (folD), Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), acetate kinase (ackA), phosphate acetyltransferase and beta-galactosidase (Fig. 6A). Protein tertiary structure of seven viral
AMGs associated with carbon metabolism was shown in Fig. 6B. Viral GH25, CE3 and GAPDH may be involved in the breakdown of
complex polysaccharides in pig gut. Besides, beta-galactosidase was involved in galactose metabolism and contributed to energy
production. The acetate kinase (ackA)-phosphate acetyltransferase pathway controled acetyl phosphate levels. Viral ackA was pre-
dicted to convert acetate to acetyl phosphate. And viral phosphate acetyltransferase was hypothesized to convert acetyl phosphate to
acetyl-CoA [78]. So, the viral ackA and phosphate acetyltransferase potentially participated in inorganic carbon fixation. Viral folD
genes and a large number of glycine hydroxymethyltransferase (glyA) genes in pig gut virome suggested that there was a reprog-
ramming of carbon metabolism to folate metabolism, similar to what had been observed in the rumen of bovine [15].

In addition, seven viral AMGs involved in sulfur metabolism were identified too. Among them, six viral AMGs (cysH [ to VI) encoded
phosphoadenosine phosphoreductases (cysH) genes (Fig. 7A), involved in assimilative sulfate reduction [79]. The remaining one was
viral cytochrome subunit of sulfide dehydrogenase (fccA) gene, which can serve as the electron transport subunit of sulfide dehy-
drogenase (Table S12). As for the viral AMGs involved in cofactor biosynthesis, two viral genes encoding cobaltochelatases (CobS and
CobT) participate in cobalamin (vitamin Bj3) biosynthesis (Table S12).

Viral AMGs usually come from the host via horizontal gene transfer [70]. Those viruses encoding AMGs were predicted potential
hosts based on AMG phylogenetic trees. The host of seven AMGs associated with carbon metabolism was predicted (Figure S6, S7 and
S8). For example, phylogenetic analysis showed that viral GH25 clustered with GH25 from Firmicutes and Bacteroidetes (Fig. S6A). It
indicated that this AMG was possibly derived from phages infecting these bacteria. Besides, six cysH gene involved in sulful metabolism
may be related to Frimicutes, Fibrobacteres and Bacteroidetes (Fig. 7B).

Table 1
The one ARG-positive contig is derived from pig gut virome.

Contig ID ARG Resfinder Resfinder (E- AMRfinder =~ RGI  ABRicate  Contig properties

1
name val) Phage best BLASTn hit Size;nt  RPKM in
VIBRANT viromes
k87.1425 blavIM-48-1 8.12e-11 No No No Yes TKS plasmid PTK5 (complete) 6448 194.33
(99.77%) 53,908 nt nt
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Fig. 6. Genomic context and protein tertiary structure of AMGs related to carbon metabolism. (A) Genomic context of viral contigs. AMGs are in
green, viral genes are in blue, and non-virus-like genes are in pink. (B) Protein tertiary structure of viral AMGs.

5. Discussion
5.1. Novelty and predominant families of viruses in pig gut

Although some progress has been made in understanding the pig gut virome [8,10,80], our study found that the pig gut still
contains a lot of “viral dark matter” and the role of viruses in pig gut needs further exploration. The lack of classification at the family
level for most viral contigs found in the pig gut, as well as the lack of homology for more than half of viral ORFs in public databases,
suggests that these viruses are novel. There are two primary reasons for this: (1): most viral sequences share little homology with
current reference databases [81]. (2) Viral genomes lack universal marker genes that could aid in their taxonomic assignment.
Although much research has been conducted on Caudovirales, there is still a great deal of unknown information about them. The
Caudovirales in pig gut virome were characterized by phylogenetic tree and gene-sharing network. The four clades of Caudovirales were
identified by using the terL gene. These clades have the potential to be new viruses in phylogeny. The novelty was also confirmed at the
approximate genera level based on gene-sharing network. It is a lower taxonomic resolution (i.e. a higher taxonomic rank) compared to
the vOTU level, which can overcome the virome individuality and allow cohort comparisons [66].

Caudovirales is the dominant viral group among the viruses that have been classified in a variety of environments, including rumen,
mangrove sediments and human gut [15,17,56], similar results were obtained with pig gut. Siphoviridae accounted for the largest
proportion in pig gut virome and also represented a large proportion of viruses in human gut [56]. A global survey of ocean viral
genomes showed that the Siphoviridae is the third most common family of viruses [82]. However, Microviridae has the highest pro-
portion in DTLQ and CZLC (Fig. 1). There are three reasons for this situation: (1): it may be due to the individual specific of pig gut
virome (Fig. S3). This is also seen in the human gut virome [56]. (2): it is possible that exaggerated PCR amplification bias during viral

10



J. Qin et al. Heliyon 9 (2023) 14020

class

cysH T ) .
A oo — ) I - ) M) — )| — >~ < — I Viral protein
. o . % [0 others
cysH 1T AMG
7_2611 — d — ) —
2 T T T T T T T T S
34500 35000 35500 36000 36500 37000 37500 38000 38500 0.2kb

cysH Il

w7017 —( - =— e, e— —

T T T T T T T T
5000 9000 10000 11,000 12000 13000 14000 15000

cysH IV

w1_14s12 — - N ) ) —

T — T T T T T T T
14600 14500 15000 15200 15400 15600 15500 16000 16200 16400 16,600 16500 17.000 17200 17400

cysH V

T — T T T T T T T T
3800 4000 4200 4400 4600 4300 5000 5200 S400 5600 S0 6000 6200 6400 6600

. cysHVI a2

T T T T T T T T T T T T
9000 9500 10000 10500 1000 11,500 12000 12500 13000 13500 13,000 14,500 15,000

cysH 1

B cysH 11
k87 2611 50 cysH II

MBR5202676.1 Clostridia bacterium Firmicutes
MBP0974837.1 Oscillospiraceae bacterium
MBO5104196.1 Ruminococcus sp.

HIT72184.1 Candidatus Fimicola cottocaccae
WP 107631669.1 Eubacteriales

WP 243148244.1 Butyricicoccus sp. BIOML-A1
PVY47509.1 Agathobaculum butyriciproducens
k87 120219 56 cysH I
MBR2308313.1 Fibrobacter sp. Fibrobacteres
k87 1451221 cysH IV

DAF96614.1 Siphoviridae sp. ctfrT39

k87 7417 18 cysH III
MBR1526244.1 Prevotella sp. Bacteroidetes
MBQ9340059.1 Paludibacteraceae bacterium
DAQ52365.1 Myoviridae sp.

DAU56199.1 Siphoviridae sp

MBK1762244.1 Escherichia coli

{k87 7980013 cysHV
MBR7080165.1 Treponema sp.

k87 13782024 cysH VI
449‘_7[ WP 2042444681 Flavonifractor plauti  Firmicutes

100 - MBM6790949.1 Flavonifractor plautii
MBQ8206757.1 Bacilli bacterium
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It contains 6 pig gut virome cysH genes and 18 reference sequences, 3 of which are reference viral sequences.

DNA preparation [83]. (3): it is possible that the limited classification of viral contigs is impacting the composition of pig gut virome at
the family level. Besides, our study found that inoviruses and Oengus-like phages were rich in pig gut virome, which is consistent with
previous research [10].

5.2. Effects of environmental factors on pig gut virome

The gut microbiome is influenced by a variety of factors, such as dietary patterns [84] and living conditions [85], and the envi-
ronment plays a greater role in shaping the gut microbiome than the host’s genetic background [86]. The composition of viral
communities in the human gut is greatly influenced by geography [25,87-89]. Although previous study have shown that the viral
composition of each pig farm is not affected by geographical location [8]. However, our experiment controlled the same feeding
standard and designed a good model for further exploring the potential impact of environmental factors on pig gut virome. Through
PCoA analysis, we found that the gut viral communities of pig farms in different locations in Shanxi present regional differences.
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Although, according to CCA analysis, geographical location did not significantly affect the composition of the pig gut viruses. The viral
community in the DTLQ pig farm still showed a relatively large separation trend from the other five areas (Fig. 2D). It may be due to the
unique viral community structure that was formed by environmental factors. The Microviridae bacteriophages accounted for a large
proportion of the gut viruses in DTLQ pig farms and also showed its unique viral community structure (Fig. 1). In fact, geography can
affect both altitude and latitude, which in turn can impact temperature. This, in turn, may play a role in viral diversity [23]. Although
the geographical location did not have an impact on the composition of pig gut virome dramatically, the temperature difference among
northern, central and southern Shanxi may have been a contributing factor to the variation of pig gut virome. At the same time, we are
aware that, limited by our sample size, it is insufficient to answer the question of environmental influences on pig gut viruses. In future
studies, we will increase the number of samples and environmental parameters investigated to further explore the influence of
environmental factors on the pig gut viruses.

5.3. Potential value of pig gut viruses for phage therapy

It is believed that antibiotic resistance in bacteria is caused by intensive pig farming [91,92]. The use of phage therapy to fight
drug-resistant bacteria has regained popularity in recent years [93]. Although bacteriophages themselves can promote the horizontal
transfer of antibiotic resistance genes [11], our conclusion offered prospects for the application of bacteriophages. Here, phages encode
few antibiotic resistance genes were proved in pig gut. Only 1 contig (0.019%) out of 5300 viral contigs or below 0.0179 per Mb of
assembled viral contigs was considered as ARG-containing contig in pig gut (Table 1). None of the ARG-containing contig appears to
belong to active phage, which is consistent with previous research [10]. It indicates that the feasibility and safety of phage therapy with
pig gut viruses. In addition, previous study have shown that phage-mediated transfer of ARGs is overestimated [11]. Experimental
testing was also needed to test whether a predicted ORF is an ARG. When using a phage in practice, pre-experiments need to be done to
fully study the dynamic curve of specific bacteria and its phage to evaluate the application value of the phage.

Furthermore, some pathogenic bacteria were found based on host CRISPR-spacers match, such as Streptocuss, Klebsiella and Sal-
monella (Fig. 5). It revealed that the abundant phages in the pig gut have the potential to kill pathogenic bacteria. These results suggest
that viruses from pig guts could be used as new antimicrobial agents. The majority of pig gut phages infect Firmicutes and Bacteroidetes,
both of which are abundant in the gut and highly adapted to its environment. Compared to a previous study [8], Fibrobacteres, Spi-
rochaetes, Cyanobacteria and Candidatus Thermoplasmatota were found to have a relationship with pig gut phages for the first time
(Fig. 5). This enriches the contact between pig gut viruses and microbial hosts. To sum up, these host-virus linkages may be important
for designing phage therapies or understanding host-virus co-evolutionary dynamics in the future.

5.4. Viral AMGs and their potential functions

To the best of our knowledge, this is the first time that AMGs have been extracted from pig gut viruses. Based on the annotation
results of VIBRANT and DRAM-v, a number of AMGs involved in carbon metabolism, sulfur metabolism, and cofactor biosynthesis
were identified (Figs. 6 and 7 and Table S12).

Viral AMGs for carbon metabolisms have been extensively investigated in many environments, such as the marine, rumen and
mangrove soil [15,17,94]. A majority of them are involved in central carbon metabolism to promote viral replication [15,17]. Ac-
cording to previous sduty from the marine environment, central carbon AMGs shift host microbial metabolism to mimic a state of
starvation [94]. Virally encoded glycogen synthase interferes with host glycolysis and forces host metabolism away from amino acid
biosynthesis and towards pathways that support phage replication [15,17,94]. Because complex carbohydrates or polysaccharides are
highly difficult to degrade, AMGs associated with carbon metabolism in many environments may contribute to viral reproduction and
host metabolism [15,17]. It is believed that pig feedstuff often contains starch, non-starch polysaccharide, crude fiber and other
nutrients that are difficult to digest and absorb. It is suspected that viruses that are related to carbon metabolism paly a role in the
digestion and absorption of pig gut. The viral GH25, CE3 and beta-galactosidase may contribute to the degradation of polysaccharides.
AckA and phosphate acetyltransferase work together to generate acetyl-CoA, which can then be used by the virus for energy during
replication. In addition, similar to rumen viruses [15], we found that pig gut viruses have extensive reprogramming of carbon
metabolism toward folate biosynthesis. Tetrahydrofolate (THF) can serve as a donor of one-carbon unit and enable various functions in
three different states: 5-methyl-THF is important for the reaction of homocysteine to methionine, 5,10-methylene-THF was needed for
the conversion of deoxyuridylate ({lUMP) to deoxythymidine monophosphate (dTMP), and 10-formyl-THF was a formyl donor in de
novo purine biosynthesis reactions [95,96]. Viral fold gene was detected and found to be responsible for the interconversion of 5,
10-methylene-THF and 10-formyl-THF. The viral glyA gene was also found in the pig gut, encoding the reversible interconversion
of serine to glycine and THF to 5,10-methylene-THF. Besides, the phylogenetic analysis of AMGs showed that viral CAZyme genes are
diverse and probably derive from phages infecting distinct hosts of different phyla, suggesting that auxiliary carbohydrate metabolic
genes may be widespread in pig gut viruses.

So far, some progress has been made in the study of virus-associated sulfur metabolism in human and environmental systems [97,
98]. Sulfur metabolism has been found to potentially affect human gut homeostasis [97]. The cysH gene can be involved in the
assimilation reduction of sulfate, which is required for cysteine and methionine synthesis [79,99]. In studies of phage infection of
Burkholderia, it has been proposed that cysH can act as a fitness factor during sulfur-limiting periods [100]. Here, a large number of
viral AMGs genes that assist sulfur metabolism, including cysH and fccA genes (Fig. 7 and Table S12) were found in our study.
Therefore, the viral cysH gene may help pig gut viruses adapt to complex gut environment and affect gut homeostasis. The host of the
virus encoding the cysH gene was compared between pig gut and the Mariah Trench [19]. There was a significant difference between
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the two environments. Through data analysis, we preliminarily come to this conclusion: viruses containing the cysH gene can infect
Firmicutes in the pig gut, but this is not observed in the Mariah Trench. At the same time, some differences were found based on the
homologous structure comparison of the proteins. We hypothesized that it might be caused by the difference between the gut envi-
ronment and the Marine environment, suggesting that pig gut might be a unique environment for viruses to inhabit. In addition, fccA
gene can also participate in sulfate assimilation and reduction, and similar results have been found in mariculture sediments [18].

6. Conclusions

The complex gut microbial ecosystem of pig has a significant impact on body health and productivity through the breakdown and
digestion of feed into available energy. Despite the growing understanding of the functions and importance of viruses in other eco-
systems, little is known regarding the roles and dynamics of pig gut viruses. In this study, for the first time, the differences in pig gut
virome from six regions of Shanxi Province are revealed. The pig gut virome is individual specific. At the same time, there is a potential
relationship between the pig gut virome and geography. Phylogenetic tree analysis of terL gene has expanded our understanding of pig
gut virome. There was little resemblance between pig gut virome and viral RefSeq based on gene-sharing network. In addition, the
potential function of pig gut virome were investigated. Pig gut virome encoded almost no ARGs and contained abundant AMGs related
to carbon and sulfur metabolism. In conclusion, our study provides new insights into the differences of pig gut virome in different
regions and the viral communities possible roles in the pig gut.
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