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Marine group II (MGII) archaea (Ca. Poseidoniales) are among the most abundant microbes in global oceanic surface waters and play an important role in driving marine biogeochemical cycles. Magroviruses – the viruses of MGII archaea have been recently found to occur ubiquitously in surface ocean. However, their diversity, distribution, and potential ecological functions in coastal zones especially brackish waters are unknown. Here we obtained 234 non-redundant magroviral genomes from brackish surface waters by using homology searches for viral signature proteins highlighting the uncovered vast diversity of this novel viral group. Phylogenetic analysis based on these brackish magroviruses along with previously reported marine ones identified six taxonomic groups with close evolutionary connection to both haloviruses and the viruses of Marine Group I archaea. Magroviruses were present abundantly both in brackish and open ocean samples with some showing habitat specification and others having broad spectrums of distribution between different habitats. Genome annotation suggests they may be involved in regulating multiple metabolic pathways of MGII archaea. Our results uncover the previously overlooked diversity and ecological potentials of a major archaeal virial group in global ocean and brackish waters and shed light on the cryptic evolutionary history of archaeal viruses.
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Introduction

Viruses play an essential role in biogeochemical cycles of marine ecosystems by manipulating biomass production and population structure, by regulating host metabolism, and by evolving together with their microbial hosts (Zimmerman et al., 2020). Archaeal viruses are found to be much more diverse than bacteriophages (Krupovic et al., 2018; Baquero et al., 2020; Alarcon-Schumacher and Erdmann, 2022; Laso-Pérez et al., 2023). However, from marine environments, only viruses of the marine planktonic archaea Nitrosopumilus belong to Marine Group I (MGI) archaea [currently known as phylum Thaumarchaeota or class Nitrososphaera (Parks et al., 2021)] have been isolated and studied in laboratory (Kim et al., 2019). The lack of pure cultures of marine archaea has significantly limited our understanding of the diversity, distribution, and ecological functions of archaeal viruses.

Marine Group II (MGII) archaea [currently assigned as Ca. Poseidoniales (Rinke et al., 2019)] are among the dominant marine archaea groups widely distributed in global oceans (Zhang et al., 2015). They are thought to be involved in heterogeneous processes in response to phytoplankton bloom and seasonal variation in organic matter composition in seawater (DeLong et al., 1994; Murray et al., 1999; Massana et al., 2000; Liu et al., 2007). They can metabolize high molecular weight organic matter such as proteins, lipids, and carbohydrates (Iverson et al., 2012; Baker et al., 2013; Deschamps et al., 2014). MGII archaea display a variety of ecological patterns and metabolic capability, suggesting their flexibility in global biogeochemical cycles (Rinke et al., 2019; Tully, 2019).

To date, no isolated or enriched cultures of MGII archaea have been obtained. The genome sequences of candidate viruses of MGII archaea were only recently identified from metagenome sequences of global open oceans and coasts (Nishimura et al., 2017; Philosof et al., 2017; Vik et al., 2017; Zhou et al., 2022). Named as magroviruses by Philosof et al. (2017), these viruses of MGII archaea belong to Caudovirales and possess double-stranded DNA genomes of about 90 kb on average. Phylogenetic analysis reveals that they have close evolutionary connection to viruses of haloarchaea (haloviruses). Like haloviruses, magroviruses may also have icosahedral capsids and helical tails (Philosof et al., 2017; Krupovic et al., 2018). Abundance analysis revealed that they are widespread in surface ocean water and are possibly the third most abundant marine planktonic viruses after cyanophages and pelagiphages implying their potential roles in marine ecology by interacting with their hosts (Philosof et al., 2017; Zhou et al., 2022).

Estuaries are the convergent zone of freshwater and seawater. They are characterized by a significant variety of nutrients, temperature, salinity, and other environmental factors, and inhabited by vast diversity of microorganisms (Cloern, 1987; Ait Alla et al., 2006; Cai et al., 2016; Xie et al., 2018; Sun et al., 2021; Xu et al., 2022). A recent study reported MGII archaea at the Pearl River estuary with abundance being an order of magnitude higher than previously reported in marine environments, providing a new perspective on the salinity tolerance of MGII archaea (Xie et al., 2018). Fan et al. (2022) further investigated the genomic diversity of MGII archaea in global brackish environments and showed that brackish-specific MGII archaea possessed distinct evolutionary and ecological features compared to their commonly known marine relatives. However, the genomic features and ecological functions of magroviruses are unknown in estuaries and other brackish environments.

This study aims to identify the diversity, spatial distribution, and genome features of magroviruses in metagenomes of brackish environments. 234 non-redundant novel magroviral genome sequences were derived and phylogenetic tree of marker genes revealed six taxonomic group of global magroviruses. Distinct distribution of marine and brackish magroviruses in habitats with different salinity was observed and genome annotation implies their diverse ecological potentials by interacting with the metabolism of their archaeal hosts.



Materials and methods


The curation of a marine reference dataset of magroviruses

We collected 84 genome sequences of magroviruses from previous studies with a length range from 22.55 to 120.96 kb (Nishimura et al., 2017; Philosof et al., 2017) to construct a non-redundant reference dataset of marine magroviruses. Five (Ahlgren et al., 2019) and 46 (Liu et al., 2021) head tail viruses infecting MGI archaea and haloarchaea, respectively, were added as the outgroup. The protein sequence of major capsid protein (MCP) and DNA polymerase B (DNApolB) genes of these reference genomes were extracted according to the annotation information reported by Nishimura et al. (2017) and Philosof et al. (2017), and used as queries to obtain homologous genes from the candidate viral genomes by using Prodigal (Hyatt et al., 2010) and PSI-BLAST (evalue = 1e-05, max_target_seqs = 1e-07) (Altschul et al., 1990).

Moreover, an extra step was used to expand magroviral sequences in this dataset using the following procedure. Firstly, 43 candidate genome sequences of archaeal viruses may infecting MGI and MGII archaea were obtained from a metagenome study specifically targeting archaeal viruses in marine surface water (Vik et al., 2017). Then, the phylogenetic trees of MCP and DNApolB were reconstructed with the corresponded reference sequences of magroviruses, MGI viruses and haloviruses, respectively, to identify 20 magroviruses by manual check. Finally, all magroviral sequences were pooled and dereplicated by using cd-hit-est (v4.6.8, -c 0.99 -aS 0.99) (Fu et al., 2012) resulting a total of 104 reference genomes of marine magroviruses with a length range from 10.05 to 120.96 kb (Supplementary Table S1).



Identification of magroviruses from brackish environments

The clean reads and metagenomic assemblies were collected from previous studies including the metagenome of the Pearl River estuary (PRE) (Fan et al., 2022; Xu et al., 2022), the Yaquina Bay estuary (YBE) (Kieft et al., 2018), the Caspian Sea (CPS) (Mehrshad et al., 2016), and global oceanic samples (Brum et al., 2015; Pesant et al., 2015; Supplementary Table S2). Contigs longer than 5 kb were piped through VirSorter (categories 1–6) (Roux et al., 2015), VirSorter2 (score > 0.7) (Guo et al., 2021), VirFinder (score > 0.7 and p < 0.05) (Ren et al., 2017) and DeepVirFinder (score > 0.7 and p < 0.05) (Ren et al., 2020) to identify putative viral genome sequences. Contigs that assigned to categories with the most confident (categories 1 and 4) or likely (categories 2 and 5) predictions by VirSorter, or with max score > 0.9 predicted by VirSorter2, or with score > 0.9 and p < 0.05 predicted by VirFinder or DeepVirFinder were directly classified as viral. For the remaining contigs, only those identified by two or more methods or having 40% of genes classified as viruses by CAT were kept (von Meijenfeldt et al., 2019).

A total of 187,125 viral genome sequences were identified. For each viral genome, genes were called by using Prodigal. Protein sequences of these genes were then searched by using PSI-BLAST (evalue = 1e-05 and max_target_seqs = 1e-07) against the reference sequence of MCP and DNApolB gene as queries resulting a total of 304 candidate magroviral genomes. Finally, cd-hit-est (v4.6.8, -c 0.99 -aS 0.99) were applied to remove the redundant sequences. There was no redundancy observed between the brackish magroviral genome dataset and the marine reference dataset based on a further cd-hit-est analysis.



Phylogenetic analysis

The protein sequences of MCP and DNApolB, respectively, were used to conduct phylogenetic analysis of magroviruses. Specifically, the sequences of reference and brackish magroviruses were combined and aligned by using MAFFT v6 (Yamada et al., 2016), which was followed by the removal of poorly aligned positions by using trimAL (v1.2rev59; -automated1) (Capella-Gutiérrez et al., 2009). The phylogenetic trees were constructed by using FastTree (v2.1.10) with default parameters (Price et al., 2010) and visualized in the Interactive Tree of Life (iTOL, v.5.1.1) (Letunic and Bork, 2021).



Viral genome clustering

A gene-sharing network of magroviral genomes and other prokaryotic virus genomes were conducted by using vConTACT v2.0 (Bin Jang et al., 2019). Specifically, magroviral genomes longer than 10 kb from the reference dataset and the brackish dataset were pooled and grouped into viral operational taxonomic units (vOTUs) by using the pipeline of CheckV (v1.0.1; 95% pairwise average nucleotide identity and 85% alignment fraction) (Nayfach et al., 2021). The quality of vOTUs were assessed by using CheckV. The protein sequences of the vOTUs were clustered with viral genomes from the Viral RefSeq release 201 database by using vConTACT. The virus network was visualized by using Cytoscape (v3.8.0) (Shannon et al., 2003).



Viral genome annotation

Proteins of magroviral vOTUs were annotated based on the KEGG database by using kofamscan (Aramaki et al., 2020), the COG (Tatusov et al., 2000), arCOG (Makarova et al., 2015) and Tigrfam (Haft et al., 2003) databases by using BLASTp (E-value 1e-05, bit score > 50, similarity >30%, and coverage >50%), and the Pfam database (Finn et al., 2016) by using hmmsearch (E-value 1e-05) (Finn et al., 2011), respectively. The auxiliary metabolic genes (AMGs) were identified by using VIBRANT (v. 1.2.1) (Kieft et al., 2020) and their functional annotations were manually checked.



Abundance analysis

To investigate the distribution of magroviruses in global marine surface water, the clean reads of metagenomes from the PRE, the YBE, the CPS, and the open ocean (Supplementary Table S2) were mapped to the vOTUs of magroviruses by using similar methods as described by Fan et al. (2022). In brief, the clean reads were first mapped to the vOTUs by using Bowtie2 (v. 2.3.5) (Langmead and Salzberg, 2012) and followed by sorting and format convert to BAM files by using SAMtools (v. 1.9) (Li et al., 2009). Then, the BAM files were filtered by using BamM (v. 1.7.3)1 with thresholds of 99% identity and 75% coverage. Finally, the reads per kbp of each genome per mbp of each metagenomic sample (RPKM) value was calculated by using bbmap.2




Results


The diversity and phylogenetic analysis of brackish and marine magroviruses

Our study recovered a remarkable diversity of magroviruses from brackish environments. A total of 234 non-redundant magroviral genome sequences were obtained from the metagenomes of two estuaries and one enclosed sea and their length ranges from 5.1 kb to 103 kb (Supplementary Table S1). 184, 44, and 6 magroviral genomes were obtained from the PRE, the YBE and the CPS, respectively. There was no redundancy (ANI = 99%) in magroviral genomes between the brackish and marine environment datasets. Most PRE magroviruses (n = 146; 79%) were obtained from the large particulate size (microbial cellular) fraction of planktonic samples (i.e., particulate size >0.22 μm), implying these magroviruses were either in the intracellular state of their lifecycle or attached to microbial cells or aggregates.

The phylogenetic trees of magroviruses were reconstructed based on the protein sequences of MCP and DNApolB, respectively, to assess their evolutionary diversity. Six groups were identified in these two trees including group A, B, C, D, E, and X (Figure 1). In the MCP tree, magroviruses split into two clades: one was group C, which joins in the clade of haloviruses with a long branch; the other consisting of group A, B and X formed a mixed clade with halovirus and MGI viruses, suggesting its close evolutionary relationship with archaeal tailed viruses (Figure 1A). The topological relationship of groups A, B, C, and X were consistent between these two trees. However, group D and E were only found in the DNApolB tree, suggesting may only a subgroup of magroviruses encoding the MCP gene. Haloviruses formed a sister-group of all magroviruses in the DNApolB tree, which showed a similar pattern as previously reported (Philosof et al., 2017; Figure 1B). The brackish magroviruses were found in all the six groups and enriched in groups A and D, showing no distinction between brackish- or marine- specific branches.
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FIGURE 1
 Unrooted maximum-likelihood trees of MCP (A) and DNApolB (B), respectively. The names of brackish magroviruses are in red, the marine references are in black, and the other tailed viruses are in blue. The solid dots on internal branches show branch supports >0.95 (based on 1,000 iterations of bootstrapping). The colored blocks show subgroups of magroviruses.


Magroviral genomes from the marine and brackish datasets were pooled and clustered to 228 vOTUs. Notably, only 2 out of 228 vOTUs contained magroviral genomes from both brackish and marine environments.



The genus-level taxonomic assignment of magroviruses

Because of the lack of universal marker genes in viruses for reliable evolutionary analysis, trees of MCP and DNApolB can be biased by the genes’ own evolutionary histories. To further assess the diversity of magrovirus and the evolutionary relationship between magroviruses and other archaeal head-tailed viruses, we conducted an approximately genus-level operational taxonomic assignment of magroviral vOTUs using vConTACT v2.0. According to the protein clusters (PCs) sharing networks, all magroviral vOTUs were embedded together resulting in five large clusters, which were disconnected from all non-magroviral clusters (Supplementary Figure S1). These five large magroviral clusters and can be further divided into ten viral clusters (VCs) (Figure 2). By comparing the trees of MCP, DNApolB and the results of vConTACT analysis, we found that phylogenetic group A can be subdivided into three VCs including VC_4, VC_5 and VC_6. The vOTUs of group B and X were mixed and consist of VC_0 and VC_1. Both group C and D are formed two VCs, the former consist of VC_2 and VC_3, whereas the latter including VC_7 and VC_9. Group E was only composed of VC_348. Noteworthy, some vOTUs were defined as outliers or assigned to multiple VCs possibly as the result of their fragmented genomes.

[image: Figure 2]

FIGURE 2
 The network-based analysis of PCs shared among magroviral vOTUs. The nodes represent vOTUs, and the edges represent the strength of connectivity between each genome based on shared PCs.




The distribution of magroviruses in marine and brackish environments

We calculated the abundance of magroviral vOTUs in brackish (CPS, PRE, and YBE) and marine metagenomes (Figure 3; Supplementary Table S2). Magroviruses widely distributed in high abundance both in brackish and marine environments, but the patterns of distribution were different between phylogenetic groups. Specifically, viruses in group A and C were found in high abundance in both brackish and marine samples. Most viruses in group B and E were enriched in marine environments, while those of VC_3 were more abundant in brackish environments.

[image: Figure 3]

FIGURE 3
 Global abundance and distribution of magroviruses. Heatmap shows the magroviral vOTUs with max RPKM value above 0.9. Abbreviations of sampling areas: CPS, Caspian Sea; PRE, Pearl River estuary; YBE, Yaquina Bay estuary; NWP, Northwest Pacific Ocean; MDS, Mediterranean Sea; RDS, Read Sea; IDO, Indian Ocean; SAO, South Atlantic Ocean; SO, Southern Ocean; NPO, North Pacific Ocean. Colors of VCs are consistent to Figure 2.


In the 103 most abundant (maximum RPKM in samples >0.9) vOTUs, 52 were present (RPKM >0.01) only in marine samples and three in brackish samples (Figure 3). These magroviruses were considered as salinity specific. The remaining 48 are found in both marine and brackish. They were therefore assigned as salinity broad-spectrum lineages. Interestingly, almost all magroviral vOTUs from the brackish dataset (91.4%) were salinity broad-spectrum. In contrast, most vOTUs of the marine dataset (76.5%) were only detected in marine environments.

Two vOTUs belonging to group B were abundant in the CPS (Figure 3). In the YBE, four vOTUs belonging to group B and D were the most abundant magroviruses. In contrast, a highly diverse community of magroviruses from all groups except D were found abundant in the PRE in consistent to reported high diversity of MGII archaea in this estuary (Fan et al., 2022). They were generally much more abundant in the virion fractions (i.e., particulate size <0.22 μm) than in the microbial cellular fractions, possibly suggesting a lytic lifestyle of magroviruses in this environment. The only exception was group D, which was more enriched in the microbial cellular fractions. In the PRE, the abundance of almost all vOTUs increases along with the increasing salinity (Figure 3) sharing a similar distribution pattern of marine subgroups of MGII archaea as we previously reported (Fan et al., 2022).

Notably, while most VCs contained both brackish and marine magroviruses, VC_3, VC_5, VC_7, VC_9, and VC_4 had over twice the number of brackish viruses than marine ones, while VC_6 had over twice the number of marine ones than the brackish ones. VC_3 contained exclusively brackish relatives. This observation suggests biased distribution of these genera in brackish and marine environments.



Genome organization of magroviruses

We found no specific pattern of genome organization in brackish magroviruses in comparison to marine ones. Magroviral genome generally consisted of replicative module, structural module, and other metabolic blocks (Figure 4). Almost all the vOTUs encoded DNApolB, DNA ligase, ERCC4 type nuclease, and DNA glycosylase, representing an expansive suite of almost complete replication protein blocks. Except for group D and VC_5 of group A, most magroviral genomes encoded structural proteins including phage portal protein, terminase, major capsid protein, caudovirus prohead serine protease, and minor tail proteins (Figure 4). The absence of structural genes in group D and VC_5 was also reported by Vik et al. (2017) and Philosof et al. (2017), respectively. While this observation could be explained by possible incomplete genomes of viruses in these groups, or by poor gene annotation, another possibility is that group D and VC_5 may be a class of plasmid-like mobile gene elements. However, further evidence is required to verify these assumptions.

[image: Figure 4]

FIGURE 4
 Summary of representative genome organization in different VCs of magroviruses. Different colors indicate genes with different functional categories: DNA metabolism genes are in red, structural genes are in blue, other functional genes are in yellow, and unclassified genes are in grey.




Metabolic potentials of magroviruses

Magroviruses encoded diverse AMGs involving in KEGG categories of ‘Amino acid metabolism’, ‘Carbohydrate metabolism’, ‘Energy metabolism’, ‘Folding, sorting and degradation’, ‘Glycan biosynthesis and metabolism’, ‘Metabolism of cofactors and vitamins’, ‘Metabolism of terpenoids and polyketides’, and ‘Nucleotide metabolism’ (Figure 5; Supplementary Table S3). The carbohydrate metabolism was the predominance AMGs encoded by magroviruses, including glutamine-fructose-6-phosphate transaminase (GlmS) involving in UDP-N-acetyl-D-glucosamine biosynthesis, hydroxymethylglutaryl-CoA lyase (HMGCL) involving in leucine degradation, (S)-2-hydroxy-acid oxidase (FMN_dh) and N-acylglucosamine-6-phosphate 2-epimerase (NanE) involving in amino sugar and nucleotide sugar metabolism, followed by metabolism of cofactors and vitamins including acid phosphatase (class A) (PhoN), cobaltochelatase CobS and CobT involving in riboflavin biosynthesis, and cobalamin. Some magroviral genomes encoded genes involving in sulfur, phosphorus, and iron elemental cycle including phosphoadenosine phosphosulfate reductase (CysH), PhoH-like protein (PhoH), and 2OG-Fe (II) oxygenase superfamily (2OG-FeII_Oxy_3).
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FIGURE 5
 Heatmap shows the presence of AMGs in magroviral groups. Color density shows the percentage of magroviral genome encoding the AMG in each group.


Notably, these AMGs are sporadically distributed among vOTUs. Most of AMGs were present in no more than two groups and only concanavalin A-like lectin/glucanases superfamily (Laminin_G_3) was found in four groups. Few AMGs were observed in group D.




Discussion

In this study, we expanded the genome dataset of global magroviruses by identifying a vast diversity of this viral lineage from brackish environments including estuaries and an enclosed sea. This expanded dataset provides us an opportunity to validate the evolutionary relationship between magroviruses and other archaeal viruses.

Previous studies showed close relationship between magroviruses and tailed haloviruses (Philosof et al., 2017; Krupovic et al., 2018). Here, we further identified the evolutionary connection between magroviruses and MGI archaea viruses. In the MCP tree, magroviruses formed a monophyletic clade with haloviruses and this clade was in sister-relationship with MGI archaea viruses (Figure 1A). Thus, these closely related Caudovirales viruses as inferred by Krupovic et al. (2018) may have similar head-tailed structure and share a common ancestor. We notice that some magroviral genomes were incomplete or in low quality according to the CheckV assessment possibly as the result of low data coverage and assembly difficulty (Supplementary Table S1). Therefore, it is hard in this study to provide a reliable taxonomic assignment and ranking of magroviruses as what has been done for haloviruses (Liu et al., 2021). Future approaches with long-read sequencing data may help recover complete genomes of magroviruses.

The distribution of magroviruses in the PRE salinity gradient generally follows a salinity-preferred pattern: more abundant magroviruses were found in higher salinity while magroviral abundance was substantially depleted in salinity below 10‰ and none magroviral sequences were detected below salinity 1.17‰ (Figure 3). This distribution pattern is consistent to the distribution of marine subgroups of MGII archaea as shown in our previous study (Fan et al., 2022), suggesting that marine MGII archaea with preference of high salinity (> 30‰) may be the potential hosts of magroviruses in the PRE. However, more evidence such as CRISPR or provirus information is needed to further test this hypothesis.

Phylogenetic analysis in this study generally failed to identify subclades of magroviruses specifically distributing in brackish- or marine- waters, suggesting possible frequent marine-brackish transitions in evolution of this viral clade (Figure 3). However, vOTUs do show variation in different habitats (i.e., oceans, estuaries or enclosed seas). While some vOTUs were abundant only in metagenomes of open oceans, others could be detected both in ocean and PRE samples. Interestingly, almost all magroviral vOTUs from the brackish dataset (91.4%) have a broad-spectrum of habitat types (i.e., eurychoric viruses), suggesting magroviruses or their archaeal hosts inhabiting brackish environments are usually able to tolerate a broad-spectrum of salinity and thus may also live in marine environments.

The discovery of diverse AMGs in magroviruses suggests previously underestimated metabolic potentials of MGII archaea. Specifically, magroviruses encoding AMGs involving in substrate degradation may facilitate their hosts in degrading high molecular weight organic matter for nutrients and energy (Zhang et al., 2021). The cysH gene encoding the phosphoadenosine 5′-phosphosulfate reductase functions in biosynthesis of sulfite by assimilatory sulfate reduction (Bick et al., 2000). Magroviruses encoding this gene may serve as an important supplement of sulfur assimilation of MGII archaea (Santoro et al., 2019). Moreover, MGII archaea infected by viruses containing the phosphate uptake regulation gene phoH may be aided in surviving in low phosphate seawater (Goldsmith et al., 2011). Intriguingly, MGII archaea were previously considered as lacking the capability to synthesize cobalamin and biotin and they may need to acquire these vitamins from other microbes, such as thaumarchaea and cyanobacteria (Iverson et al., 2012; Santoro et al., 2019). However, the discovery of cobalamin and biotin biosynthesis genes in magroviruses suggests MGII archaea infected by these viruses may obtain such vitamins by themselves.

The wide occurrence and metabolic potential of magroviruses discovered in this study suggest a potential global impact of magroviruses on the ecological functions of MGII archaea. During the manuscript preparation of this study, Zhou et al. (2022) published a paper on the metagenome sequences of archaeal viruses, which included magroviruses from a coastal but not brackish zone. Our finding of the brackish magroviruses and that of Zhou et al. (2022) indicate a substantial diversity of magroviruses on coastal environments.
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Footnotes

1   https://github.com/minillinim/BamM

2   http://jgi.doe.gov/data-and-tools/bb-tools/
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