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Some giant viruses are ecological agents that are predicted to be involved in the top-down control of single-celled eukaryotic algae populations in aquatic ecosystems. Despite an increased interest in giant viruses since the discovery and characterization of Mimivirus and other viral giants, little is known about their physiology and ecology. In this study, we characterized the genome and functional potential of a giant virus that infects the freshwater haptophyte Chrysochromulina parva, originally isolated from Lake Ontario. This virus, CpV-BQ2, is a member of the nucleo-cytoplasmic large DNA virus (NCLDV) group and possesses a 437 kb genome encoding 503 ORFs with a GC content of 25%. Phylogenetic analyses of core NCLDV genes place CpV-BQ2 amongst the emerging group of algae-infecting Mimiviruses informally referred to as the “extended Mimiviridae,” making it the first virus of this group to be isolated from a freshwater ecosystem. During genome analyses, we also captured and described the genomes of three distinct virophages that co-occurred with CpV-BQ2 and likely exploit CpV for their own replication. These virophages belong to the polinton-like viruses (PLV) group and encompass 19–23 predicted genes, including all of the core PLV genes as well as several genes implicated in genome modifications. We used the CpV-BQ2 and virophage reference sequences to recruit reads from available environmental metatranscriptomic data to estimate their activity in fresh waters. We observed moderate recruitment of both virus and virophage transcripts in samples obtained during Microcystis aeruginosa blooms in Lake Erie and Lake Tai, China in 2013, with a spike in activity in one sample. Virophage transcript abundance for two of the three isolates strongly correlated with that of the CpV-BQ2. Together, the results highlight the importance of giant viruses in the environment and establish a foundation for future research on the physiology and ecology CpV-BQ2 as a model system for algal Mimivirus dynamics in freshwaters.
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INTRODUCTION

Viruses are the most abundant biological entities on Earth and play important roles in global ecosystems (Brussaard et al., 2008). Most of the currently described virus diversity is for particles smaller than 200 nm with genomes encoding the minimal functions necessary for replication, virion formation, and evasion of host defenses. As such, it was as a major surprise when the Mimiviruses were discovered infecting Acanthamoeba species: the size and complexity of these viruses rival those of many bacteria (Raoult et al., 2004; Wilhelm et al., 2017). Radically different from conventional model viruses, these giant viruses possess hundreds of genes, many of which are responsible for functions previously only found in cellular life, including substantial parts of translation machinery and auxiliary metabolic functions (Filee et al., 2008; Schulz et al., 2017; Schvarcz and Steward, 2018). The large particle and genome size of the giant viruses as well as the presence of genes that are universal among cellular life forms led to claims that these viruses blurred the traditional boundaries between cellular life and viruses, and even instigated a debate on possible origin of these viruses from an extinct fourth domain of cellular life as opposed to their evolution from smaller, simpler viruses (Moreira and Lopez-Garcia, 2005, 2009; Yutin et al., 2009; Claverie and Abergel, 2010; Colson et al., 2012; Yutin et al., 2014). Further fueling the discussion on the nature of giant viruses, the study of these viruses has also led to the discovery of virophages, small viruses that rely on a “host” giant virus’s protein machinery to replicate, usually at the expense of the giant virus (La Scola et al., 2008; Gaia et al., 2014). Virophage are distant relatives of polintons, eukaryotic virus-like self-synthesizing transposons, and polinton-like viruses (PLV), some of which apparently also parasitize giant viruses (Fischer and Suttle, 2011; Krupovic and Koonin, 2015; Yutin et al., 2015).

After careful examination, Mimiviruses as well as subsequently discovered giant viruses, such as Pandoraviruses and Pithoviruses, were shown to be physically larger members of a more diverse viral group referred to as the Nucleocytoplasmic Large DNA Viruses (NCLDVs) (Iyer et al., 2001, 2006; Koonin and Yutin, 2010), or the proposed order “Megavirales” (Colson et al., 2013). Despite the variety in the genome content and viral host ranges, the NCLDVs apparently share a common virus ancestor as indicated by the presence of 5 key universal genes along with about 35 additional genes that are mapped to the common ancestor by phylogenetic maximum likelihood reconstruction of gene gains and losses (Yutin et al., 2009; Koonin and Yutin, 2010). Furthermore, phylogenetic analysis of giant virus genes, particularly those that encode components of the translation system, suggests these genes were acquired from eukaryotic hosts on multiple occasions by different groups of the NCLDVs (Moreira and Brochier-Armanet, 2008; Yutin et al., 2014; Schulz et al., 2017). These findings suggest that giant viruses have evolved from smaller NCLDVs on multiple, independent occasions (Schulz et al., 2017; Koonin and Yutin, 2018). Nevertheless, different scenarios for the origin of giant viruses are still being debated (Forterre and Gaia, 2016).

Although the excitement over giant viruses has led to speculation and debate about their origins and evolutionary relationships with other viruses and cellular hosts, relatively few of these viruses have been isolated and characterized (Wilhelm et al., 2017). The collection of giant virus genomes also remains relatively small although expanded through recent efforts using amoeba and other protist hosts, complemented by metagenomics assembly (Wilhelm et al., 2016, 2017). To attain a definitive picture of giant virus evolution and ecology, additional efforts in both giant virus genomics and biology are essential. Concurrent with the progress in Mimivirus research, smaller viruses with core gene phylogenies that place them on the Mimivirus branch of the NCLDV have also been characterized (Santini et al., 2013; Yutin et al., 2013; Moniruzzaman et al., 2014). These smaller relatives of Mimiviruses have been called the “extended Mimiviridae” and infect single-celled eukaryotic algae but are phylogenetically distinct from the Phycodnaviridae, a virus family defined, in part, by their infection of algae (Van Etten and Meints, 1999; Dunigan et al., 2006; Wilson et al., 2009). As such, this algae-infecting, novel group of Mimivirus relatives represents a source of viral diversity that is both evolutionarily informative and environmentally relevant.

Recently, viruses infecting the freshwater algae Chrysochromulina parva were isolated from Lake Ontario (Mirza et al., 2015). Initial sequence analysis of the B-family DNA polymerase amplified from culture lysates indicated close phylogenetic relationship with the Phycodnaviridae, primarily Group II Phaeocystis globosa viruses (e.g., PgV-03T; Brussaard et al., 2004; Baudoux and Brussaard, 2005) and the prymnesiovirus CbV-PW1 which infects Chrysochromulina brevifilum (Suttle and Chan, 1995), making it the only other type of phycodnavirus, beside chloroviruses, to be described in freshwater ecosystems. However, sequencing of amplified major capsid protein genes from C. parva virus lysates revealed a diverse mix of genes from both the extended Mimiviridae and Phycodnaviridae, raising questions about the identity of C. parva viruses and even suggesting that more than one virus might infect this algal lineage (Mirza et al., 2015).

In this study, we isolated, sequenced, and characterized the genome of a C. parva virus that we named CpV-BQ2. During sequencing, we also captured and characterized the genomes of three putative virophages of the PLV group that we predict to exploit the infection cycle of CpVs to replicate. We used the genomic sequences obtained here to screen publicly available metatranscriptomic datasets from freshwater ecosystems in multiple locations and time points for the presence and activity of CpV-BQ2, observing substantial activity in both Lake Erie and Lake Tai, China (Taihu in Mandarin Chinese). Given that the virus was originally isolated from Lake Ontario (North America), this observation suggests that close relatives of CpV-BQ2 are globally distributed and are active players in freshwater ecosystems. This study establishes a foundation for future research with CpVs, which are useful models for studies of freshwater algal viruses and may foster a deeper understanding of the complex interactions of giant viruses with their algal hosts.

MATERIALS AND METHODS

CpV Propagation and Purification

Viruses infecting the Prymnesiophyte algae C. parva CCMP 291 (a non-axenic strain) were originally isolated in 2011 (Mirza et al., 2015) and have been maintained in the laboratory since. To produce virus genomic material for sequencing, CpV lysates were generated from a series of 150 and 500 mL mid-log phase C. parva batch cultures grown at a constant temperature of 15°C, with a 12:12 h light-dark cycle at approximately 23 μE m-2 s-1 in DY-V medium (Andersen, 2005). The resulting lysates were filtered through 47-mm diameter, 0.50-μm nominal pore-size borosilicate glass microfiber Advantec® filters (Life Science Products, Inc.) followed by filtration through 47-mm diameter, 0.22-μm pore-size PVDF Durapore® membranes (EMD Millipore). The filtered lysates were concentrated approximately 200-fold via ultracentrifugation using a SW32Ti rotor (Beckman Coulter) as previously described (Short et al., 2011). After ultracentrifugation, the pelleted material was resuspended in 10 mM Tris–Cl (pH 8.5), pooled, and stored at 4°C. Filtered and concentrated lysates were further purified using OptiprepTM (Iodixanol, Millipore Sigma Canada Co.) step gradients. Four-step gradients were created using OptiprepTM solutions diluted in ultrapure H2O to final concentrations of 40, 35, 30, and 25% v/v, whereby 2.50 mL of each step was bottom loaded in 13.2 mL Ultra-ClearTM ultracentrifuge tubes (Beckman Coulter Canada, LP) starting with the 25% solution and ending with the 40% solution following (Moniruzzaman et al., 2014). Three milliliters of concentrated lysate were then loaded on the top of the gradient which was ultracentrifuged in a SW40Ti rotor (Beckman Coulter) for 14.75 h at 39,000 rpm. Following ultracentrifugation, visible bands formed approximately one-third of the distance from the top of the tube, and 1.50 mL of this band and immediately surrounding gradient medium was collected by aspiration and was stored at 4°C.

CpV DNA Extraction and Precipitation

Nucleic acids were extracted from gradient-purified bands using a QIAamp® MinElute® Virus Spin Kit (Qiagen) following the manufacturer’s recommendations with the following modifications: each MinElute column was loaded with lysed material twice, and 50 μL of Buffer AVE (RNase-free water with 0.04% sodium azide) was used during each elution step. To further concentrate purified genomic DNA, ethanol precipitation was conducted by mixing pooled, extracted DNA with 0.1× volume of 3 M NaOAc and 3× volume absolute ethanol followed by incubation at -20°C overnight. Precipitated DNA was then collected by centrifugation for 1 h at 14,000 × g at 4°C, the supernatant was decanted, and the DNA pellet was washed twice with ice-cold 70% ethanol. After being left to dry at room temperature, the DNA pellet was resuspended with pure H2O, and was stored at -20°C. DNA concentration was quantified using an Invitrogen® Qubit® 3.0 Fluorometer and dsDNA HS Assay kit (Thermo Fisher Scientific). In total 100 μL of DNA at a concentration of approximately 5 ng μL-1 was submitted to HudsonAlpha Institute for Biotechnology for sequencing.

Quality Control, Sequence Assembly, and Annotation

Raw sequences were imported into the CLC Genomics Workbench v. 10.0.1 (Qiagen, Hilden, Germany) and processed for quality control. Reads below 0.03 quality score cutoff were removed from subsequent analyses, and the remaining reads were trimmed of any ambiguous and low quality 5′ bases and only reads at the full length were retained for assembly. Quality controlled reads were then assembled using the SPAdes 3.10.1 assembler with nine iterative kmer assemblies (kmers 21, 33, 55, 65, 77, 85, 99, 113, and 127) and the “careful option” turned on for contig correction. Scaffolds with length >5000 bp were then imported into CLC Genomics workbench for contig quality assessment and analysis. Quality controlled reads were mapped onto scaffolds with high stringency (>0.7 length fraction, >0.97 similarity fraction) to determine coverage. In order to reduce the number of scaffolds to only those of possible viral origin, scaffold libraries were aligned to the NCBI 16S rRNA gene database and hits were removed from future analyses. The remaining scaffolds were BLAST searched against a protein database downloaded from NCBI containing sequences from all currently sequenced giant virus genomes. Open reading frames were predicted using CLC Genomics workbench and coding sequences were imported into BLAST2GO for functional annotation. Open reading frames (ORFs) were plotted and whole genome alignments were generated using the BLAST Ring Image Generator (BRIG) (Alikhan et al., 2011). To spot check the CpV-BQ2 genome assembly, several PCR primer sets were designed and used to amplify DNA across tandem genes; i.e., the forward and reverse primers were designed so each would target a different gene. Further, these PCR confirmations were designed to focus on neighboring genes that were annotated as being derived from a different source (no hit, or closest hit being a gene from bacteria, eukaryotes, or other NCLDVs). During sequence assembly and annotation, contigs of putative virophages were also recovered and were translated with MetaGeneMark (Zhu et al., 2010). The resulting proteins were annotated using psi-blast searches (Altschul et al., 1997) with profiles generated from the alignments of the predicted proteins with homologous sequences from the conserved domain database and/or homologous proteins of PLV used as queries (Yutin et al., 2015).

Phylogenetic Analysis

Reference amino acid sequences for virus B-family DNA polymerase (polB), A32-like virion packaging ATPase (ATPase), and the major capsid protein (MCP) were downloaded from the NCBI refseq database (see Supplementary Table 1 for polB accession numbers). These reference sequences were aligned with CpV-BQ2 coding sequence translations using MUSCLE (Edgar, 2004) in the MEGA v7.0.26 software package (Kumar et al., 2016). Following alignment, gapped columns (more than 30% of gaps) and columns with low information content were removed from the alignments as described previously (Yutin et al., 2008). The filtered alignments were used for tree reconstruction using PhyML3.0 (Guindon et al., 2010) with the LG substitution model, gamma-distributed site rates, empirical amino acid frequencies and aBayes branch support values. Sequences of the predicted capsid proteins of new virophages were combined with their closest relatives from the env_nr database (found by blastp), and those of previously identified PLVs (Yutin et al., 2015). Proteins were aligned using MUSCLE (Edgar, 2004), and gapped columns and columns with low information content were removed from the alignments before filtered alignments were used for tree reconstructions as described above for CpV sequences.

Environmental Quantification and Statistical Analysis

To determine whether of CpV-BQ2 and its PLVs were active in freshwater systems, we used 4 publicly available metatranscriptome datasets from MG-RAST under project mgp826441. These datasets were isolated from samples collected from Lake Erie and Lake Tai during cyanobacterial bloom seasons of 2013 and 2014 (Steffen et al., 2017; Stough et al., 2017). Quality filtered and trimmed reads were mapped to CpV-BQ2 (0.8 identity fraction, 0.7 length fraction) and the three PLV (0.8 identity fraction, 0.5 length fraction) genomes in CLC Genomics Workbench 10.0.1. Expression values were normalized per million reads within each library. Expression values were imported into the R statistical software package (R Core Team, 2015) and Spearman’s rank correlation coefficients were calculated using the hmisc package (Harrell, 2016). Data were visualized in SigmaPlot v.12.5 (Systat Software, Inc.).

RESULTS

Assembly and Annotation of CpV-BQ2

Sequencing on the Illumina MiSeq platform yielded 26,745,770 reads for genome assembly, which was reduced to 26,729,526 after quality control. The genome of C. parva virus BQ2 (accession MH918795) was stringently assembled using SPAdes with read correction and post-assembly scaffold checking. The result was 1099 scaffolds over 5000 bp in length, which were screened for the presence of NCLDV core genes. The largest fragment was a 437,255 bp scaffold with an average coverage of 127.44 and a GC content of 25%, encoding 503 predicted ORFs. Comparison of the sequences of the predicted CpV-BQ2 ORFs (Figure 1) showed that more than half had top BLAST hits to NCLDV genes, the vast majority of which were from group I P. globosa viruses (collectively termed PgV), but several showed the highest similarity to either phycodnavirus genes or to inferred genes of the metagenomics assembly of Hokovirus within the “Klosneuvirinae” subgroup of Mimiviruses (Schulz et al., 2017). The remaining genes with taxonomic assignments were split, primarily, between eukaryotes and bacteria, with a few showing the highest similarity to homologs from other viruses including virophages. At the time of our analysis, 165 of the ORFs had no significant BLAST hits. Without exception, the PCRs designed to confirm the genome assembly resulted in amplification of gene fragments corresponding to the expected sizes indicating that these gene fragments were physically linked on the same DNA molecule as predicted from the assembly (Supplementary Table 2).
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FIGURE 1. Best BLAST hits of CpV-BQ2 predicted open reading frames against (A) NCLDVs, other viruses, virophages, and the three domains of life. (B) Specific NCLDV representatives. PgV-14T – Phaeocystis globosa virus, CeV – Chrysochromulina ericina virus, OLPV – Organic Lake Phycodnavirus, CroV – Cafeteria roenbergensis virus, PpV – Pyramimonas pouchetti virus, YSLV – Yellowstone Lake Phycodnavirus, PBCV – Paramecium bursaria Chlorella virus, OtV – Ostreococcus tauri virus, AtCV – Acanthamoeba turfacea Chlorella virus, HKV – Hokovirus.



Phylogenetic analysis of B-family DNA polymerase (polB), A32-like virion packaging ATPase (ATPase), and the major capsid protein (MCP) genes, all core NCLDV genes (Yutin et al., 2009), yielded similar results with PgV group I genes identified as the closest relatives to CpV-BQ2 (Figure 2). The remaining 7 of the 10 most common “core” NCLDV genes (Supplementary Figures 1–7) also showed similar phylogenies, with only two exceptions. The CpV-BQ2 RNA polymerase β-subunit was most closely related to Organic Lake Phycodnavirus 1, but with PgV as the next closest relative (Supplementary Figure 5), and the Superfamily II Helicase was closest to a poxvirus, but with extended Mimiviridae member Aureococcus anophagefferens virus (AaV) as the next closest relative (Supplementary Figure 2). Whole genome alignment of CpV with the two closest relatives, PgV and CeV, showed considerable similarity across the entire genome (Figure 3). Regions of low similarity and gaps shown in the alignment generally corresponded to predicted CpV ORFs that are not represented in the genomes of the related viruses and non-coding regions.
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FIGURE 2. Approximately maximum-likelihood phylogenetic trees of B-family DNA polymerase (polB), A32-like virion packaging ATPase (ATPase), and the major capsid protein (MCP). The polB tree is constructed on protein fragments corresponding to PCR amplicons reported in Mirza et al. (2015). When more than one MCP gene was present in a genome (Mimiviridae), a paralog closest to Phycodnaviridae was chosen for the MCP tree. Node support (aLRT-SH statistic) >50% are shown. Accession numbers for the polB sequences are provided in Supplementary Table 1.




[image: image]

FIGURE 3. CpV-BQ2 ORF prediction and whole genome alignment of nucleotides. Outer ring – ORF prediction and top BLAST hit (Red arrows – NCLDV, Blue arrows – Bacteria, Orange arrows – Eukaryotes, Green arrows – Viruses). Second outermost ring in green – whole genome alignment with CeV where color gradient represents sites similar to CeV. Third outermost ring in red – whole genome alignment with PgV-14T where color gradient represents sites similar to PgV. Innermost ring in black – GC content. The genome is presented as a circle for the purpose of visualization and is not meant imply that the genome is a circular molecule. The 12 o’clock position represents the beginning/end of the genome.



The functional annotation of the CpV-BQ2 genome (Figure 3) is limited, with no homologs with known or predicted function detected for 320 of the 503 ORFs. The annotated ORFs encode characteristic NCLDV proteins such as virion components (two paralogs of the Major Capsid Protein; CpV ORFs 105 and 177), as well as proteins involved in virion morphogenesis (A32-like packaging ATPase; CpV ORF 098), viral transcriptional regulation (late transcription factor VLTF3; CpV ORF 176), and DNA replication, repair, and nucleotide metabolism. The latter functional class included DNA polymerase, replication factor C, the primase-helicase fusion protein characteristic of the NCLDV, mismatch repair proteins (MutS7 and MutS8), and ribonucleotide reductase. Additionally, CpV-BQ2 encodes a large contingent of genes with predicted DNA modification activities compared to the related Mimiviruses, including 14 DNA methyltransferases and a histone acetyltransferase. The genome also features a group of five eukaryotic E3 ubiquitin ligases, three of which are clustered together in one location on the genome (CpV ORFs 167, 169, and 171). The annotated CpV-BQ2 genome sequence was submitted to GenBank (accession MH918795).

Functional Potential and Phylogeny of the CpV-Associated Virophages (PLV)

Three putative C. parva virus virophages of the PLV group were assembled along with the “host” virus genome. We designated these CpV-PLV Larry (MH920636), CpV-PLV Curly (accession MH919296), and CpV-PLV Moe (MH919297). CpV-PLV Curly is 22,761 bases long with a GC content of 37.8% and ∼42,000× average coverage. The coverage is the highest in the assembly, about sixfold higher than the next highest contig, and 1000-fold higher than the majority of contigs. Phylogenetic analysis of the major capsid protein (MCP) places all three CpV-PLVs within the P. globosa virus virophage (PgVV) group of the PLVs (Figure 4). In accord with this phylogenetic position, CpV-PLV have gene repertoires and genome architectures characteristic of the PGVV group (Figure 5; Yutin et al., 2015). Besides the hallmark PLV genes (major and minor capsid proteins, packaging ATPase, superfamily three helicase, OLV11-like tyrosine recombinase), CPV-PLVs encode five uncharacterized conserved proteins that are shared only with the Yellowstone Lake PLVs that were assembled by culture independent methods (PLV_YSL1 and PLV_YSL3)2.
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FIGURE 4. Phylogenetic tree for the CpV-PLV MCP genes. Sequences in green were retrieved from GenBank by blastp searches initiated from CpV-PLV MCP sequences. Other reference sequences are from Yutin et al. (2015). GenBank protein IDs are shown in parentheses (whenever available). The numbers at the internal branches indicate local likelihood-based support (percentage points). PgVV, Phaeocystis globosa virus virophage; SAF, South Africa; RED, Red Sea; MED, Mediterranean Sea; YSL, Yellowstone Lakes; TSV, Tetraselmis viridis virophage.
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FIGURE 5. Genome architectures of the CpV-associated polintoviruses (CpV-PLVs). Homologous genes are color-coded, as shown in the inset. Homologous genes without predictable function (activity) are named as “conserved 1–5.” Open pentagons represent inverted repeats. CpV-PLV Curly shown as reverse complement. Reference virophages, as noted in Yutin et al. (2015), are abbreviated as: YSL1 and YSL3, Yellowstone Lake PLV 1 and 3; PgVV, Phaeocystis globosa virus virophage.



CpV-PLV Curly encodes 19 ORFs (Figure 4), of which 8 have predicted functions and 7 have a conserved domain of unknown function. The genome also encodes a minor capsid protein (CpV-PLV ORF 11), and a major capsid (CpV-PLV ORF 12) which appears to be related to the Yellowstone Lake virophage meta-assemblies 1 and 3, grouped with a number of uncultured PLVs assembled from metagenomes (Figure 5). CpV-PLV Curly ORF 17 encodes a hypothetical protein with similarity to the Qinghai Lake Virophage meta-assembly gene QLV_03, and CpV-PLV Curly ORF 18 shows similarity to mobile elements present in Guillardia theta, Muricauda sp., and Tetrahymena thermophila genomes. Apart from the expected virophage genes, CpV-PLV Curly also encodes a predicted HNH homing endonuclease and DNA-methyltransferase, the top nr-BLAST search hits for both of which are bacterial. One additional open reading frame encodes a predicted E3 ubiquitin ligase. CpV-PLV Moe is closely similar to Curly, with a 21,750 bp genome, 30.1% GC, and 23 predicted ORFs. Unlike the other two PLVs, CpV-PLV Moe also appears to encode a putative DNA cytosine methyltransferase. CpV-PLV Larry is distinct from the other two, with a 22,879 bp genome, 39.3% GC, and 20 predicted ORFs, possessing the same core elements as the other two, but with the 5′ half of the genome inverted. It should also be noted that most of the predicted ORFs exhibit similar order to the orthologs in YSL1 and PgVV (Figure 4). GenBank accession numbers for the annotated virophage genomes for CpV-PLV Larry, Curly and Moe are MH920636, MH919296, and MH919297, respectively.

Environmental Abundance of CpV and CpV PLV

To determine whether genes of CpV-BQ2 and CpV-PLVs are expressed in lake systems, currently available environmental metatranscriptome reads from environmental datasets were mapped to the CpV-BQ2 and CpV-PLV genomes with a minimum length cutoff of 0.8 and similarity fractions of 0.8 and 0.5, respectively. Overall, 4 metatranscriptomes isolated from freshwater ecosystems during Microcystis aeruginosa blooms were initially mapped. Microcystis is a cyanobacterial genus responsible for causing severe, environmentally disruptive blooms globally and is often capable of producing the potent hepatotoxin microcystin. Samples were collected from the hypereutrophic Lake Tai (Taihu in Mandarin) in China during the bloom seasons of 2013 and 2014, while the remaining 2 metatranscriptomic groups were sampled from blooms in Lake Erie, United States during the same years. Of these data sets, metatranscriptomes sequenced from Lake Erie and Lake Tai during 2013 showed a moderate level of recruitment with good coverage of CpV-BQ2, CpV-PLV Curly, and CpV-PLV Larry genomes across all samples with a spike in activity in the Taihu Station 31 sample (Figure 6A), however, transcript abundance was too low to discern distinct transcriptional patterns from more than this sample. Reads mapped to the genome of CpV-BQ2 were highly correlated with CpV-PLV Larry (Figure 6C; rho = 0.98, p = 9.768 × 10-9) and Moe (Figure 6D; rho = 0.99, p = 1.8 × 10-9), but not Curly (Figure 6B; rho = 0.06, p = 0.823). In order to verify that the sample obtained from Taihu Station 31 was not driving the observed correlations on its own, we removed the sample and re-tested correlations. CpV-PLVs Larry and Moe read recruitment were both still significantly correlated to that of CpV-BQ2 (Larry: rho = 0.55, p = 0.026; Moe: rho = 0.99, p = 5.19 × 10-6), and correlation by CpV-PLV Curly increased when the outlier was removed from the analysis (rho = 0.65, p = 0.022).
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FIGURE 6. (A) Metatranscriptomic sequencing reads sequenced from the Lake Erie and Lake Tai from 2013 cyanobacterial blooms mapped to CpV-BQ2 and virophage genomes and expressed in reads per million. Spearman’s correlation coefficients (rho) are shown for data including the outlier sample and for data excluding outlier sample for the correlations between reads mapped to CpV-BQ2 and (B) CpV-PLV Curly, (C) CpV-PLV Larry, and (D) CpV-PLV Moe. Points in panels (B–D) are colored red or green to show data points collected from Lake Erie or Tai, respectively, and the outlier data points are denoted with open circles.



DISCUSSION

In this study, we report the genome sequence and functional potential of a C. parva virus and its associated virophages that belong to the PLV group. CpVs were initially isolated and cultured from Lake Ontario, and amplification and sequencing yielded a confounding mixture of major capsid protein genes from different giant virus lineages (Phycodnaviridae and extended Mimiviridae), yet only a single phycodnavirus polB sequence (Mirza et al., 2015). To resolve this conundrum, whole genome sequencing was required. Surprisingly, based on differences in the polB sequence encoded in the assembled genome reported here, it is apparent that the genome sequence was recovered from a virus that is distinct from the originally described virus called CpV-BQ1 (Mirza et al., 2015). Because the CpV genome described here was obtained from the same samples as CpV-BQ1 but encodes a distinct polB gene, we named the C. parva-infecting algal mimi-like virus (member of the extended Mimiviridae) CpV-BQ2. To obtain a first glimpse into the ecology of CpV-BQ2 and its virophages, we used the assembled CpV-BQ2 and CpV-PLV genomes and extant environmental metatranscriptomic data to examine the activity of this virus and virophage consortium in two unique freshwater environments, Lake Erie and Lake Tai.

The size of the assembled CpV-BQ2 genome (∼437 kb) is at least 90% of the length of the genome size estimated from pulse-field gel electrophoresis (∼485 kb) as reported in Mirza et al. (2015), and whole genome alignments with CeV and PgV also suggest the genome is nearly complete (although this is difficult to validate). The whole genome alignment with PgV also suggests the genome is linear, though further experimentation will be required to resolve the ends of the genome and determine if the CpV genome is in fact linear. The genome content suggests that CpV-BQ2 is a versatile giant virus with a close evolutionary relationship to the marine algal members of the extended Mimiviridae, namely, PgV14T (group I) and CeV, as opposed to group II PgV viruses that belong to the Phycodnaviridae. This relationship is demonstrated by the phylogenies of the core genes and is buttressed by genomic comparison. Indeed, CpV-BQ2 shares a similar genome size, GC content, and content with group I PgVs and CeV, and for more than half of the CpV-BQ2 ORFs, the most similar homologs are found in these viruses. Like other members of the extended Mimiviridae, CpV-BQ2 also possesses a mosaic assortment of genes with closest homologs in other viruses, bacteria and eukaryotes. Moreover, as in other giant viruses, a large fraction of CpV-BQ2 genes have no readily detectable homologs.

In addition to the CpV-BQ2 genome, we sequenced the genomes of three putative virophages (Yutin et al., 2015). Each of these closely related virophages are PLV in the PgVV group, which suggests that PLV-type virophages are a characteristic of the extended Mimiviridae group of NCLDV and, at least, to some extent, coevolve with their large virus hosts. Given that no virophage particles were observed during the initial isolation of CpVs (Mirza et al., 2015) it is possible the virophage particles or genomes could be packaged within the CpV-BQ2 virion as suggested for PgVV (Santini et al., 2013). Presently, there is no information about the nature of the CpV-PLVs besides the fact that their genomic material was co-purified along with DNA from CpV-BQ2, and they encode putative major and minor capsid proteins. Hence, it is premature to speculate if these PLVs exist as pro-virophages or if they are encapsidated within CpV-BQ2 virions.

The gene repertoire of CpV-BQ2 includes several distinct features such as set of 23 genes involved in DNA and chromatin modification, including 13 predicted DNA methyltransferases, a histone demethylase, a histone acetyl transferase, and at least 8 predicted restriction-modification systems. In addition, the CpV-PLVs also encode a DNA methyltransferase. Methyltransferases have been implicated in the biology of giant viruses previously, given that genomes of some Chlorella viruses are heavily methylated and encode many methyltransferases that, in two cases, are accompanied by restriction endonucleases (Nelson et al., 1998; Etten and Meints, 1999). DNA methyltransferases have been identified in the genomes of other giant viruses as well although generally not accompanied by endonucleases. The functions of restriction-modification systems and solo methyltranferases in NCLDV are unknown, but involvement in counter-defense as well as inter-virus competition appears likely. Of similar interest is the presence of putative histone modification enzymes, histone demethylase (CpV-BQ2 ORF 120) and histone acetyltransferase (CpV-BQ2 ORF 503). Because neither CpV-BQ2 nor other members of extended Mimiviridae appear to encode histones, the role of the histone modification enzymes might include remodeling of the host chromatin and regulation of the host gene transcription (Kouzarides, 2007).

In addition to the expanded DNA modification machinery, an unusual feature of CpV-BQ2 is a cluster of five E3 ubiquitin ligases, all with closest homologs in eukaryotes, three of which are grouped within 1 kb of one another. Similar RING-finger E3 ubiquitin ligases have been observed in several Mimiviruses (Iyer et al., 2006), but they are generally fewer in number and are spread across the genome. Only A. anophagefferens virus (AaV) encodes a similar group of E3 proteins (Moniruzzaman et al., 2014). Although the functions of the ubiquitin ligases in the NCLDVs remain to be studied, they have been hypothesized to inhibit host cell defenses (Iyer et al., 2006; Chaurushiya et al., 2012). CpV-PLV Curly also encodes an E3 ubiquitin ligase which so far has not been detected in other virophages. Conceivably, this ubiquitin ligase could modify either virus or cellular host proteins, perhaps protecting the giant virus from the host defenses.

To explore the potential ecological role of CpV-BQ2 and its virophages in freshwater ecosystems, we mapped currently available metatranscriptome reads isolated and sequenced from M. aeruginosa blooms in Lake Erie and Lake Tai, China during the years 2013 and 2014. Expression was detected in both Lake Erie and Lake Tai during 2013 across all samples. Reads mapping to all three CpV-PLVs co-occurred with CpV-BQ2 in all samples, exhibiting a high correlation to those of the “host” virus. Considering that the metatranscriptomes used here were isolated from microbial communities dominated by freshwater cyanobacteria, and were not poly-A selected, activity by CpV-BQ2 must have been present at considerable abundances to be detected. Moreover, as infection cycles in environmental datasets are not synchronized, the relationship between CpV-BQ2 and its virophages must be close to be observed. Indeed, some of this complexity is reflected in sample Taihu Station 31 in which expression of both virus and virophage genes was considerably higher and correlative relationships shifted. As CpVs were originated from Lake Ontario, Canada (Mirza et al., 2015), it is likely that the virus and virophage observed in Lake Tai are not identical to our isolates but instead relatives. Despite potential differences in physiology, however, these results suggest that closely related freshwater algal mimiviridae-like viruses are globally distributed and environmentally relevant.

The results presented here suggest that CpV-BQ2 is an abundant and active member of the extended-Mimiviridae with a unique functional potential. As the first freshwater representative of the extended-Mimiviridae to be isolated and maintained in culture, CpV-BQ2 stands as an important model virus for the future. The CpV-associated virophages, although related to PgVV, present only the second cases of cultured virophages from the PLV group of viruses and offer an opportunity to study the giant virus-infecting-viruses in culture.
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