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Abstract

:

Metagenomics is greatly improving our ability to discover new viruses, as well as their possible associations with disease. However, metagenomics has also changed our understanding of viruses in general. The vast expansion of currently known viral diversity has revealed a large fraction of non-pathogenic viruses, and offers a new perspective in which viruses function as important components of many ecosystems. In this vein, studies of the human blood virome are often motivated by the search for new viral diseases, especially those associated with blood transfusions. However, these studies have revealed the common presence of apparently non-pathogenic viruses in blood, particularly human anelloviruses and, to a lower extent, human pegiviruses (HPgV). To shed light on the diversity of the human blood virome, we subjected pooled plasma samples from 587 healthy donors in Spain to a viral enrichment protocol, followed by massive parallel sequencing. This showed that anelloviruses were clearly the major component of the blood virome and showed remarkable diversity. In total, we assembled 332 complete or near-complete anellovirus genomes, 50 of which could be considered new species. HPgV was much less frequent, but we, nevertheless, recovered 17 different isolates that we subsequently used for characterizing the diversity of this virus. In-depth investigation of the human blood virome should help to elucidate the ecology of these viruses, and to unveil potentially associated diseases.
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1. Introduction


Viruses are ubiquitous in all natural environments and can be considered the major source of nucleic acids on earth [1]. On one hand, metagenomics has become an essential tool for pathogen discovery, potentially enabling a faster response to future outbreaks of infectious diseases in humans [2]. On the other hand, metagenomics has transformed our understanding of viral diversity [3], thus questioning the classical assumption of viral agents as pathogens [4]. Indeed, a new paradigm has emerged according to which viruses are integral components of ecosystems, sporadically causing diseases, but also providing beneficial effects to their hosts [5,6].



Metagenomics applied to human blood has revealed the presence of viral sequences from multiple families, including members of the Anelloviridae, Herpesviridae, Picornaviridae, Poxviridae, Flaviviridae, Marseilleviridae, Mimiviridae, and Phycodnaviridae families [7,8,9,10,11]. However, two distinct viral groups outstand as most abundant among chronic and/or asymptomatic infections in human blood. First, over 50% of the general population is infected with anelloviruses, although the reported prevalence varies greatly among populations [12]. Second, the prevalence of human pegivirus (HPgV), a flavivirus, ranges between 1 and 5% in healthy blood donors from developed countries but increases up to 20% in developing countries [13]. Since anelloviruses and HPgV are efficiently transmitted by the parenteral route [14,15], their prevalence is even higher among poly-transfused patients and intravenous drug users [16,17].



Human anelloviruses contain a circular single-stranded DNA genome ranging between 2.8 and 3.9 kb and can be found in most tissues, cells, and body fluids. Three different genera have been described so far within this family [12]: torque teno virus (TTV, Alphatorquevirus), torque teno mini virus (TTMV, Betatorquevirus), and torque teno midi virus (TTMDV, Gammatorquevirus). According to the International Committee on Taxonomy of Viruses (ICTV), TTV, TTMV, and TTMDV have been recently subdivided into 26, 38, and 15 species, although this diversity is expected to increase as new isolates are identified [18]. This recent classification is based on the analysis of the entire ORF1 nucleotide sequence using 69% pairwise sequence identity as a species demarcation criterion [19]. Human anelloviruses seem to be essentially innocuous [20], and some potentially beneficial effects have even been suggested [15], such as immune system maturation after newborn infection [20,21].



HPgV, also known as GB virus C, is the known human virus most closely related to hepatitis C virus [22]. HPgV is a lymphotropic virus with a 9.3 kb positive-sense ssRNA genome, organized similarly to hepatitis C virus, which is translated into a single polyprotein of approximately 3000 amino acids. Currently, HPgV has been subdivided into six genotypes showing different geographical distribution patterns and multiple subtypes [23,24]. As with anelloviruses, the World Health Organization (WHO) does not recommend blood screening for HPgV because it is not associated to any disease [16], apart from some weak evidence [14]. Indeed, HPgV seems to be protective against infection by human immunodeficiency virus [16], and co-infection in patients with Ebola virus disease has been associated with higher survival rates [25]. These pieces of evidence suggest that HPgV and human hosts may establish a mutually beneficial symbiotic relationship [16].



The analysis of human blood virome is of particular interest because potential transmission of unknown or unexpected viruses by blood transfusions or organ transplantations is a concern for public health systems [26]. In addition, these studies should improve our understanding of the mutualistic/commensal interactions between viruses and hosts [4]. To shed some light on this issue, we have recently implemented a protocol for viral enrichment using human plasma samples, which allows efficient recovery of DNA and RNA viruses [18]. Here, we have used this methodology to characterize blood virome diversity in a cohort of 587 pooled-plasma samples from healthy donors.




2. Materials and Methods


2.1. Sample Collection


A total of 587 plasma samples from healthy donors were collected from the Centro de Transfusión de la Comunidad Valenciana (Valencia, Spain) from 15 September 2018 to 30 March 2019 and stored at −80 °C until use. In accordance with the Declaration of Helsinki, all subjects provided written informed consent. The protocol was approved by the University of Valencia ethics committee (IRB No. H1489496487993). Plasma samples were divided into 60 pools, each containing between 8 and 13 samples (Supplementary Table S1).




2.2. DNA/RNA Extraction and Amplification


Each of the 60 pools (SP1-SP60) analyzed in this study was obtained by mixing 1 mL of plasma from a variable number of donors (between 8- and 13-mL total). To assess viral recovery, each pool was spiked with 103 PFU of ϕX174 and 104 PFU of vesicular stomatitis virus (VSV). The purification protocol has been previously described in detail [18]. Briefly, plasma pools were processed with 1.0 µM filters to remove cells and other non-viral particles and the filtered fractions were subject to high-speed centrifugation (87,000 g, 2 h, 4 °C), washed with PBS 1X (87,000 g, 1 h, 4 °C), and resuspended in 245 µL 1X digestion buffer (Turbo DNA Free kit, Ambion, Carlsbad, CA, USA). Then, 5 µL of Turbo DNase, 2 µL of Benzonase (Sigma, Darmstadt, Germany) and 2 µL of micrococcal nuclease (NEB) were added to the sample to remove unprotected nucleic acids. After incubation (1 h, 37 °C), 20 µL of stop reagent was added, following the manufacturer’s instructions. Then, 240 µL supernatant was transferred to a new tube and split into two fractions: 200 µL fraction was used for RNA extraction using TRIzol LS reagent (Invitrogen, Carlsbad, USA), followed by purification with the QIAamp Viral RNA Mini kit (Qiagen, Hilden, Germany) and amplification with the QuantiTect Whole Transcriptome kit (Qiagen), and 40 µL fraction was used for DNA extraction with the QIAamp Viral RNA Mini kit and amplification with the TruePrime WGA kit (Sygnis, Heidelberg, Germany). To control for environmental contaminants in materials and reagents, eight blank samples containing 10 mL PBS 1X were processed in parallel with the rest of the samples. Then, taxonomical information obtained from blanks was bioinformatically subtracted from actual samples.




2.3. Massive Parallel Sequencing


For each pool, DNA and RNA amplification products were mixed in equimolar concentration before library preparation, which was carried out using Nextera XT DNA library preparation kit with 15 amplification cycles (Illumina, San Diego, USA), and subject to pair-end sequencing in a NextSeq device. The raw sequence reads were deposited in the Short Read Archive of GenBank under accession number PRJNA731624.




2.4. Sequence Analysis


Sequence data were quality-checked using FastQC v0.11.9 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed on 20 November 2021) and MultiQC v1.8 [27]. Reads were quality-filtered using bbduk.sh from BBTools suite v38.82 [28]. A quality trimming threshold of 20 was used, and reads below 70 nucleotides in length were removed from the dataset.



Sequence identification was carried out using the Centrifuge software package [29] version 1.0.4 using a minimum exact match of 18. A customized database was generated from the NCBI nt database downloaded in September 2020. The Centrifuge download tool was used for incorporating archaea, viruses, bacteria, and fungi genomes from the September 2020 RefSeq database at the “Complete Genome” and “Chromosome” assembly levels. Centrifuge results were post-processed for contaminant removal and analyzed with Recentrifuge [30] version 1.3.2 using a minscore of 22.



Assembly was individually performed for each pool with metaSPAdes [31] version 3.15.0 using default parameters. Homology analysis of the contigs was performed against a local copy of the NCBI nucleotide (nt) database using BLASTn v2.10.0 with an E-value cutoff of 10−5. Average coverage depth was estimated using bbmap.sh from BBTools suite v38.68. The newly described sequences belonging to anelloviruses, HPgV, and a single microvirus were deposited in GenBank under accession numbers MZ285962-MZ286225 (Supplementary Table S2), MZ420565-MZ420581 (Supplementary Table S3), and MZ286294, respectively.



Putative open reading frames were identified using ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder/, accessed on 20 November 2021).




2.5. Phylogenetic Analysis


To study phylogenetic relationships within the family Anelloviridae, nucleotide ORF1 sequences from hominid TTV, TTMV, and TTMDV accepted as reference species by ICTV were downloaded (Supplementary Table S4). Regarding HPgV phylogenetic analysis, nucleotide sequences of the complete polyprotein corresponding to isolates available from Genbank by March 2021 were downloaded (Supplementary Table S3). Sequence alignment (based on the amino acid sequences) was performed with MUSCLE [32] as implemented in MEGA version X [33], and subsequent phylogenetic inference using nucleotide sequences was conducted with the maximum likelihood (ML) method, also implemented in MEGA version X. Analyses were performed using the best-fit nucleotide substitution model, identified as    GTR +  Г  + I    using Akaike information criterion. The reliability of the phylogenetic results was assessed using 1000 bootstrap pseudo-replicates. The final trees were annotated with EvolView [34]. Anellovirus species demarcation was performed by checking nucleotide pairwise identity matrices obtained independently for each genus.




2.6. Sanger Sequencing


For HPgV, missing regions from the polyprotein sequence were read by Sanger sequencing using specific primers designed based on known sequence regions. First, the RNA sample from each HPgV positive pool was subject to reverse transcription using Superscript IV (Invitrogen, Carlsbad, USA) and random hexamers, following manufacturer instructions. Then, for each missing region, 25 µL PCR reactions were performed adding 2 µL of cDNA product, Phusion High-fidelity DNA polymerase (ThermoFisher Scientific, Vilnius, Lithuania), and GC buffer using specific annealing conditions for each amplification product. PCR primers were used for Sanger sequencing. For SP30, SP49, and SP53 pools, individual detection of HPgV positive samples from each pool was done using specific primers (Forward 5′-CAGAACCATACAGCCTATTGTGA-3′ and Reverse 5′-CACCTTAGATCCCCAGCCCA-3′) designed from conserved regions in the global alignment used to obtain Figure 5.




2.7. Split Network Analysis


A phylogenetic network for HPgV was estimated using SplitsTree4 program (version 4.17.0) [35] based on the HPgV sequence alignment used for the ML phylogeny. NeighborNet method was used to calculate the reticulate phylogeny. The    GTR +  Г  + I    model was applied with parameters   Г  = 0   . 7028    and    I = 0   . 5234   .





3. Results


3.1. Overall Sequence Output


We used a recently described [18] experimental protocol for viral fraction enrichment. Briefly, 60 plasma pools from 8–13 individual plasma samples obtained from healthy donors were analyzed. Pools were filtered to remove bacteria and cellular debris, subjected to high-speed centrifugation to pellet potential viruses and treated with nucleases to digest free nucleic acids, followed by extraction of both viral DNA and RNA independently. Finally, the extracted nucleic acids were subjected to random ϕ29-based amplification [36] and library preparation. To monitor the efficiency of virus recovery, all plasma pools were initially spiked with 103 PFU/mL of bacteriophage ϕX174 (non-enveloped, circular single-stranded DNA virus) and 104 PFU/mL of vesicular stomatitis virus (VSV, enveloped, linear single-stranded RNA virus). Since the purification protocol could carry over residual amounts of non-viral nucleic acids, eight blank controls were processed in parallel to evaluate contamination risk. The reads obtained in these controls were used for taxonomic classification and computational subtraction of these potential contaminants.



We performed an initial taxonomic classification using Centrifuge software [29] to select viruses, and then removed potential contaminations using Recentrifuge [30]. The ϕX174 and VSV reads were used for assessing the recovery efficiency of DNA and RNA viruses, respectively. Reads classified as belonging to Anelloviridae family were detected in all but one pool (Table 1 and Supplementary Tables S4 and S5), with read numbers ranging from 10 to 1,580,534. No clear conclusions could be drawn when checking the presence of the spiked DNA virus ϕX174, since it was present in the pool showing no anellovirus reads but absent in four pools in which anellovirus reads were detected (Supplementary Tables S4 and S5). In turn, HPgV reads were detected in 17 pools, one of them showing only 9 reads and the rest ranging between 339 and 25,965 reads. When checking the spiked RNA virus VSV, no significant differences were observed in the number of reads between pools detecting HPgV and the rest of the pools (t-test: p = 0.37), which suggested that HPgV detection was not subject to significant experimental bias. Other viruses were detected in all pools but represented a very low fraction. In fact, when globally considering the results of our study, 97.71% of viral reads corresponded to anelloviruses, 0.97% belonged to HPgV, and the remaining 1.32% included 46 viral families (Figure 1 and Supplementary Table S4). The remarkable diversity of this residual fraction strongly suggested that these reads may correspond to taxonomic misidentifications or amplification of small traces of nucleic acids present in the reagents used in our virus-enrichment protocol and that were not efficiently removed computationally. This was supported by the fact that ambiguities in the taxonomical classification of reads were not properly handled by Recentrifuge [18], limiting our ability to remove potential contaminations corresponding to phylogenetically unclassified reads. A clear example of this is the detection of Circoviridae family, which represented the third most abundant family in our study, and which has been previously associated with contaminating reagents [37]. In addition, most of the identified taxonomical groups corresponded to viruses infecting bacteria, algae, protozoa, and fungi. For those reads potentially associated with human pathogens, mapping to the corresponding reference sequences assigned by Centrifuge was unsuccessful, indicating errors in taxonomic classification.



Interestingly, a full genome from a circular single-stranded DNA bacteriophage belonging to the family Microviridae was recovered from two pools (SP47 and SP57), with >1000 reads belonging to this virus in each of the pools. A blastp analysis of the six putative ORFs showing homology with microvirus sequences from databases yielded identities ranging between 48.3 and 61.5% with the closest reference sequence (Supplementary Table S6). This result highlights the sensitivity of our purification protocol, which was able to recover complete genomes from viruses that are likely to stem from contamination. Alternatively, this microvirus might be a true component of human blood.



Finally, although our experimental approach allowed the detection of large viruses [18], only marginal evidence of the presence of giant blood Marseille-like viruses was obtained (Supplementary Table S4), in agreement with previous studies [38,39] suggesting that this signature could also be a laboratory contaminant.




3.2. Phylogenetic Analysis of Anelloviruses


For each of the 60 pools, we generated contigs from all reads regardless of their preliminary taxonomical classification, which is an effective approach for the detection of new anelloviruses [18,40]. Blast analyses allowed the detection of spiked and HPgV viruses, but most contigs corresponded to anelloviruses. Specifically, 332 contigs were assigned to this family, of which 69 showed overlapping ends and could, thus, be considered as complete genomes (Supplementary Tables S5 and S2). A significantly positive correlation was observed between the number of contigs and the total amount of anelloviral reads in each pool (Spearman’s correlation: ρ = 0.414; p = 0.001). The full-length ORF1 was obtained for 315 of the 332 contigs (94.9%). These were subsequently used for phylogenetic analysis and identification of new species. Initially, we constructed a maximum likelihood (ML) phylogenetic tree, including the reference species recently proposed by ICTV (Supplementary Table S7), which allowed assignment of our contigs as belonging to TTV, TTMV, or TTMDV genera (160, 111, and 61 sequences, respectively; Supplementary Table S2 and Supplementary Figure S1). Sixty-seven of the 69 contigs considered as complete genomes belonged to TTMV genus, and a single contig was assigned to each TTV and TTMDV genera. This is consistent with the presence of shorter GC-rich regions in TTMV [41], which can increase assembly efficiency, as previously described [18].



The methodology established for anellovirus species classification has been modified recently and the number of reference species has been updated accordingly. Consequently, we decided to reevaluate the data of a recent study in which we applied the same viral enrichment experimental and bioinformatics procedures to a smaller number of samples [18]. This reevaluation yielded 26 new species (6, 11, and 9, for TTV, TTMV, and TTMDV, respectively; Table 2 and Supplementary Tables S8–S10), which were subsequently included in the pool of reference species used for characterizing the sequences analyzed in the present study. Additionally, a comparison between our previous and current results could shed some light on the level of anellovirus diversity which remains to be discovered in the local population that we analyzed.



For the sake of clarity, the characterization of our sequences was done by constructing independent ML phylogenetic trees and identity matrices for each genus, which only included isolates considered as reference species and those described after reevaluation of our previous study [18] (Supplementary Table S7). For the TTV genus, which is proposed to consist of seven phylogenetic groups [42], the tree included our 160 new sequences, 26 reference species, and the six newly described species (Figure 2, Table 2, and Supplementary Table S11). This tree, along with pairwise identities values, indicated that 23 of our sequences could be considered as belonging to six novel species (Table 2 and Supplementary Figure S2), whereas the remaining sequences clustered within 62.5% (20 out of 32) of the reference species, although this percentage increased up to 87.0% (20 out of 23) when excluding non-hominid primate isolates, which were not related with any of our sequences (Figure 2 and Supplementary Table S7). TTV variability obtained in our study covered a major fraction of the worldwide diversity for this genus, but the distribution of sequences within each species was highly variable (Supplementary Figure S2 and Supplementary Table S11). For instance, four species clustered with only one of our sequences whereas the species represented by isolates TTV24-SAa-01, TTV18-SENV-C, and TTV29-yon-KC009 clustered with 25, 20, and 18 of our sequences, respectively. Globally, our sequences clustered within species belonging to all proposed TTV groups, except for group 6, which only includes one isolate identified in eastern Taiwanese people [42] and that is not currently considered as a reference species by ICTV. Overall, we found a significantly positive correlation between the number of species included in each group and the number of newly described sequences (Spearman’s correlation coefficient; ρ = 0.971; p < 0.01).



We then constructed a phylogenetic tree with the 111 sequences from our study belonging to the TTMV genus, 38 reference species, and the 11 newly described species (Figure 3 and Table 2). Interestingly, 40 of our sequences could be considered as belonging to 27 novel species (Table 2 and Supplementary Table S12), which strongly increased the TTMV diversity described so far. The remaining 71 sequences clustered within 49.0% (24 out of 49) of the included species, and this percentage increased up to 53.3% (24 out of 45) when excluding non-hominid primate isolates (Figure 3 and Supplementary Table S7).



For the TTMDV genus, we constructed a tree including our 61 newly described sequences, 15 reference species, and the 9 newly described species (Figure 4 and Table 2). Twenty-four of our sequences could be assigned to 17 novel species (Table 2 and Supplementary Table S13), substantially increasing known TTMDV diversity, similar to what we observed for TTMV. The remaining 37 sequences clustered within 66.6% (16 out of 24) of the included species, surprisingly also including the only non-hominid primate isolate described for TTMDV.



The reevaluation of our recent study led to the identification of 26 potential novel species, most of them belonging to TTMV and TTMDV genera (Table 2). Despite the incorporation of these proposed new species into the pool of reference species, 50 novel species were still identified in our new set. Although nearly half of the sequences were assigned as TTV, only six of the 50 novel species described here corresponded to this genus. For TTV, the percentage of novel species described decreased from 8.8% in our previous study to 3.8% in this study, suggesting that a significant fraction of the actual diversity of this genus has been already described, at least in the local population under study. When doing this comparison for TTMV and TTMDV, the percentages of novel species were moderately higher in our previous study (37.9 and 52.9%, respectively) than in the current study (24.3 and 27.9%, respectively). These results strongly suggest that the actual variability of these two genera in human is still far from being described. TTMV and TTMDV show lower prevalence in the human population than TTV [43], complicating viral detection. Alternatively, their prevalence could be similar to that of TTV but with a lower average load in infected people, again complicating detection, particularly in studies that do not implement efficient viral enrichment protocols.



No evidence of geographical compartmentalization of the described sequences was observed (Supplementary Table S7). To test this, we constructed two-by-two contingency tables in which reference species were classified according to whether they clustered with any of our sequences and whether or not they had European origin. This revealed no significant associations (Fisher’s exact tests, p > 0.05 for all analyses performed globally and independently for each anellovirus genus). A clear piece of evidence of this lack of association is that the species clustering with a higher number of sequences for each genus (TTV24-SAa-01, TTMV1-CBD279, and TTMDV8-MDJN1, with 25, 10, and 8 sequences, respectively) were of Asian origin (Figure 2, Figure 3 and Figure 4 and Supplementary Table S7). Interestingly, we also found one TTV sequence which clustered with the recently proposed group 7 detected in Eastern Taiwan indigenes [42] (Figure 2).



PCR assays for differential detection of human anelloviruses have shown that TTV and TTMV DNA is present at high prevalence in chimpanzees [44], which suggests the occurrence of cross-species transmission. In agreement with this, phylogenetic analysis shows that both non-hominid TTVs and TTMVs are interspersed with human TTVs and TTMVs, respectively, although none of the sequences described in this study clustered within non-hominid isolates (Figure 2 and Figure 3). On the contrary, it has been proposed that chimpanzee and human TTMDV are separate [44], although this could be a consequence of poor sampling with respect to TTV and TTMV. In agreement with this second possibility, we detected a cluster including the only chimpanzee isolate and one of our TTMDV sequences (Figure 4 and Supplementary Table S13). This result strongly suggests that phylogenetic relationships between human and non-hominid isolates are similar for the three genera and that apparent differences are likely due to variations in sampling success.




3.3. Analysis of HPgV


Seventeen pools were positive for HPgV (Table 3). After excluding pool SP16, which only showed nine HPgV reads, the rest of positive pools presented genome coverages ranging between 70.2 and 99.6% of the complete reference genome (Accession U44402 was used as reference sequence) and average depth coverages ranging between 12.4X and 1010.7X (Table 3). For pool SP16, a single contig of 518 bases was obtained and subsequently identified as belonging to genotype 2 after blast analysis. For pool SP53, the consensus sequence obtained revealed the presence of 219 ambiguities, which could be caused by the simultaneous detection of two different HPgV isolates. To confirm this, RNA was individually extracted from the ten plasma samples included in this pool, cDNA was obtained and an HPgV specific PCR using conserved primers was performed. Two HPgV positive samples were identified in this pool, supporting our initial conclusion. We performed a contig analysis for this pool, which detected the presence of two different haplotypes partially covering HPgV genome. Then, specific PCRs and Sanger sequencing were done from individual cDNA samples to recover missing regions and unambiguously assign detected contigs.



Overall, the HPgV prevalence was 3.1%, consistent with previously reported rates in a Spanish population [45]. Except for pool SP16, specific primers were designed using HPgV partial sequences from each pool for PCR amplification and Sanger sequencing of full-length coding genome sequences, which yielded 17 different isolates, two of them belonging to pool SP53. For ML phylogenetic analysis, nucleotide sequences of the complete polyprotein, which encompasses about 90% of the genome, were downloaded for all currently available isolates (Supplementary Table S3). This analysis showed that 15 of our sequences belonged to genotype 2 (Figure 5), with 10 and five sequences classified as subtypes a and b, respectively. HPgV-SP30 sequence was classified as belonging to genotype 1, and HPgV-SP49 sequence fell into a basal position relatively close to genotype 3.



The intermediate position of HPgV-SP30 and HPgV-SP49 among well-supported clusters in the ML phylogeny could point to recombinant sequences. We, thus, analyzed the treelikeness of the ML phylogeny (Figure 5). The phylogenetic network (Supplementary Figure S3) showed that both HPgV-SP30 and HPgV-SP49 seemed to be involved in a reticulate evolutionary history underlying recombinant events. Further recombination analysis (data not shown) performed with RDP4 software [46] suggested that HPgV-SP49 is an intergenotype recombinant (genotype 1/genotype 3), while HPgV-SP30 is an intra-genotype 1 recombinant. To discard that recombinant sequences detected in these two pools were actually caused by the presence of two different HPgV isolates in different samples from each pool, RNA was individually extracted from the ten plasma samples included in each pool, cDNA was obtained, and an HPgV-specific PCR using conserved primers was performed. Only one HPgV positive sample was identified in each pool, supporting our conclusions.





4. Discussion


Viral diversity is clearly underappreciated [47]. Before the advent of metagenomics, PCR using degenerate primers targeting conserved regions was the most efficient method for virus discovery [48]. However, this approach can introduce a strong sampling bias in markedly heterogeneous groups, such as anelloviruses [12]. Although biases still exist, such as preferential amplification of circular DNA viruses, viral metagenomics provides a more powerful tool for viral discovery, where many of the differences in detection rates result from natural parameters, such as viral load or particle stability.



Anelloviruses are an ancient family characterized by a vast diversity [49], and it is believed that their evolution has followed that of the animals they infect [50,51]. In primates, this coevolution hypothesis was questioned since human and chimpanzee isolates did not group phylogenetically according to host species [44], except in the case of TTMDV, whose divergence has been proposed following the speciation of humans and chimpanzees. However, our results clearly suggest a common origin, since these initially apparent discrepancies among the different primate anellovirus genera are likely due to sampling bias. In agreement with this, we have shown that TTMV and TTMDV, discovered three and ten years after TTV [12], respectively, are characterized by a remarkable diversity that was previously undetected due to amplification bias. At this point, it is also worth mentioning that lower TTV viral loads have been observed in human plasma relative to other body compartments [52], which is also likely to be the case with TTMV and TTMDV. This might even have resulted in an underestimation of the actual anellovirus diversity in our study.



Initially, it was proposed that TTV genotypes presented differences according to geographical distribution, but these studies mainly relied on specific primers and, thus, were subject to amplification bias [12]. Our results suggest that anellovirus diversity lacks geographical compartmentalization, at least in general terms. This is particularly remarkable for TTV, since 87% of worldwide described human species have been identified in our study. In addition, anellovirus prevalence is highly variable and non-sequence specific amplification methods are required to avoid strong bias. The high prevalence of anelloviruses is a consequence of the multiple transmission routes used by these viruses, including parenteral, sexual, and vertical routes, in combination with an extensive polytropism [52]. For TTV, available data on prevalence, tropism, and pathogenicity are highly contradictory, precluding an unambiguous assessment of the impact of TTV persistence on pathology in humans [52].



Since TTV viral loads increase in immunosuppressed patients, it has been suggested that pathogenesis may be conditional [52], acting as an aggravating factor or as an opportunistic agent [53]. In this sense, the extensive anellovirus diversity obtained in studies that have implemented viral fraction enrichment, as in the present study, could provide clues about potential associations between certain variants and pathologies. In any case, anelloviruses are commonly considered part of the natural human virome due to their high prevalence and largely asymptomatic persistence. Indeed, it has been proposed that TTV load could be used as an endogenous marker of immune status, which can be useful for public health purposes. For instance, the TTV DNA level in the blood of patients undergoing organ transplantation may be used to monitor the patient response to treatment [54,55].



Lack of pathogenicity is one of the defining criteria of pegiviruses [13], although the discovery of a horse pegivirus associated with acute hepatitis outbreaks [56] suggests that at least one member of the Pegivirus genus can be pathogenic. Recently, a second human pegivirus, HPgV-2, has been described in tight association with hepatitis C virus infection [11]. We have not detected this new virus in our study, since it presents a very low prevalence in the general population [57]. In any case, HPgV-2 is still considered a pathologically orphan virus. HPgV seems to be an ancient human virus, and its worldwide genotype distribution is concordant with ancient human migrations [58,59]. For instance, ancestral migrations between African and southeastern Asian areas could account for genotype 3 distribution [58]. HPgV infection may persist for decades, but most healthy individuals clear viremia within 2 years of infection [14]. The evaluation of molecular and/or serological HPgV prevalence has shown large variability in the general population [22]. The prevalence observed in our study is in agreement with results showing that viral RNA is unfrequently detected among healthy blood donors [60], and with previous prevalence values reported in Spanish populations [45].



The relatively low number of HPgV full-length coding sequences available in public databases shows a clear predominance of genotypes 2 and 3, probably as a result of increased sampling in geographical regions where these genotypes are more abundant. The predominance of genotype 2 isolates in our data is consistent with studies from other European countries [57,61]. This bias can confound certain analyses, such as the higher genetic diversity reported for genotype 1 [62]. Besides, the detection of recombination can be difficult among highly similar viral variants, as is the case of many HPgV sequences [24]. Despite these difficulties, it has been shown that recombination is probably responsible for phylogenetic incongruence among HPgV subgenomic regions, both at an intra- and inter-genotype levels [62,63,64,65,66,67]. Although it is clear that recombination has not been pervasive enough to obscure HPgV population structure [63], it is an important factor to be considered when defining new isolates. In this sense, several studies have suggested that HPgV genotype may impact HIV disease [68,69,70,71], but others have not found such potential association [72,73]. In addition, unofficial ICTV designations of some isolates (i.e., isolates with accession numbers U63715, AB021287, and AB003292) actually correspond to recombinant sequences [62,64]. Consequently, to clarify associations between HPgV genotypes and disease, it is necessary to perform accurate taxonomical classification using complete or nearly complete genomes, as well as to check for potential recombination effects. This is also important when considering the potential use of HPgV in vaccination strategies complementing anti-HIV therapy [74].



The potential symbiotic or commensal role of HPgV could be related to reduced immune activation [75,76]. However, this might also explain the observed association between HPgV infection and non-Hodgkin’s lymphoma [77,78]. Recent discoveries of new closely related pegiviruses in several species [79,80] raise the possibility of implementing animal infection models which could help elucidate the potential benefits of HPgV chronic infection.




5. Conclusions


The viruses described in the present study have shown that blood samples from the general population harbor a remarkable anellovirus diversity. Until recently, pathogenesis has been the main target of viral studies, but this traditional view is changing due to the increasing number of viruses in healthy individuals revealed by metagenomics. Consequently, a different framework that considers viruses as often innocuous or, more interestingly, as potentially beneficial agents deserves further investigation.
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Figure 1. Description of the virome characterized in this study. The classification is shown at the family level. Frequencies were obtained excluding spiked viruses. 
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Figure 2. Phylogenetic tree of ORF1 sequences belonging to the TTV genus. Sequences described in this study are marked with a green circle. Those sequences that could be considered as new species are labeled in red. Sequences identified as new species after reevaluating data from our previous study [18] are marked with a blue circle. Non-hominid primate isolates are marked with a brown square. Nodes supported by bootstrap values ranging 0.7–0.85 and 0.85–1.0 are indicated with blue and red circles, respectively. The scale bar indicates the evolutionary distance in nucleotide substitutions per site. 






Figure 2. Phylogenetic tree of ORF1 sequences belonging to the TTV genus. Sequences described in this study are marked with a green circle. Those sequences that could be considered as new species are labeled in red. Sequences identified as new species after reevaluating data from our previous study [18] are marked with a blue circle. Non-hominid primate isolates are marked with a brown square. Nodes supported by bootstrap values ranging 0.7–0.85 and 0.85–1.0 are indicated with blue and red circles, respectively. The scale bar indicates the evolutionary distance in nucleotide substitutions per site.



[image: Viruses 13 02322 g002]







[image: Viruses 13 02322 g003 550] 





Figure 3. Phylogenetic tree of ORF1 sequences from the TTMV genus. Sequences described in this study are marked with a green circle. Sequences identified as new species after reevaluating data from our previous study [18] are marked with a blue circle. New species (including one or more new sequences) are indicated with background green or blue color in order to distinguish contiguous clusters. Clusters of representative species including new sequences are indicated with background light or dark grey colors in order to distinguish contiguous clusters. Non-hominid primate isolates are marked with a brown square. Nodes supported by bootstrap values ranging 0.7–0.85 and 0.85–1.0 are indicated with blue and red circles, respectively. The scale bar indicates the evolutionary distance in nucleotide substitutions per site. 
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Figure 4. Phylogenetic tree of ORF1 sequences from the TTMDV genus. Sequences described in this study are marked with a green circle. Sequences identified as new species after reevaluating data from our previous study [18] are marked with a blue circle. New species (including one or more new sequences) are indicated with background green or blue color in order to distinguish contiguous clusters. Clusters of representative species including new sequences are indicated with background light or dark grey colors in order to distinguish contiguous clusters. The non-hominid primate isolate is marked with a brown square. Nodes supported by bootstrap values ranging 0.7–0.85 and 0.85–1.0 are indicated with blue and red circles, respectively. The scale bar indicates the evolutionary distance in nucleotide substitutions per site. 
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Figure 5. HPgV phylogeny of the polyprotein nucleotide sequence including all currently available isolates. Sequences described in this study are indicated with a green circle. Isolates previously reported as recombinants are indicated with a red star. For genotype 2, 2a and 2b subtypes are explicitly shown. Bootstrap values ranging 0.75–0.9 and 0.9–1.0 are indicated with blue and red circles, respectively. The scale bar indicates the evolutionary distance in nucleotide substitutions per site. 
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Table 1. Summary of virome composition for the 60 pools analyzed. Read numbers are given. For comparison, the number of reads for the eight blank controls processed are also shown and subsequently used for computational subtraction of potential contaminants.
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	Pool
	Anellovirus Reads
	Pegivirus Reads
	Other Viruses
	Pool/Blank
	Anellovirus Reads
	Pegivirus Reads
	Other Viruses





	SP1
	101,069
	25,965
	64
	SP35
	419,986
	0
	317



	SP2
	1,580,534
	0
	3013
	SP36
	185,281
	0
	144



	SP3
	131,969
	3669
	421
	SP37
	666,063
	0
	1311



	SP4
	9992
	4250
	61
	SP38
	242,853
	2261
	479



	SP5
	47,927
	0
	225
	SP39
	15,756
	0
	200



	SP6
	718,633
	0
	330
	SP40
	342,193
	0
	3390



	SP7
	63,139
	0
	80
	SP41
	169,614
	0
	2815



	SP8
	76,204
	0
	5089
	SP42
	4519
	0
	118



	SP9
	153,491
	0
	52
	SP43
	206,185
	0
	99



	SP10
	30,175
	0
	1649
	SP44
	7975
	10,713
	19



	SP11
	9787
	5706
	143
	SP45
	124,171
	0
	210



	SP12
	57,559
	0
	15,397
	SP46
	29,728
	0
	431



	SP13
	95,922
	1173
	4844
	SP47
	150,531
	0
	3731



	SP14
	271,731
	0
	1757
	SP48
	45,430
	0
	676



	SP15
	141,896
	0
	37
	SP49
	94,919
	5226
	255



	SP16
	149,985
	9
	2610
	SP50
	0
	0
	340



	SP17
	10
	0
	74
	SP51
	299,530
	0
	17



	SP18
	24,134
	0
	7168
	SP52
	59,852
	0
	16



	SP19
	74,391
	339
	9506
	SP53
	14,323
	5344
	68



	SP20
	73,067
	373
	21
	SP54
	2404
	0
	7634



	SP21
	124,389
	0
	4952
	SP55
	663
	0
	121



	SP22
	51,168
	0
	3428
	SP56
	25,673
	3523
	131



	SP23
	51,730
	0
	557
	SP57
	52,296
	0
	1737



	SP24
	71,389
	0
	7583
	SP58
	1232
	2158
	241



	SP25
	4269
	0
	262
	SP59
	157,753
	0
	46



	SP26
	27,676
	0
	84
	SP60
	36,470
	0
	324



	SP27
	7659
	0
	3030
	C01
	0
	0
	593



	SP28
	96,187
	0
	270
	C02
	0
	0
	8022



	SP29
	334,689
	6606
	18,366
	C03
	0
	0
	76,410



	SP30
	69,110
	6924
	156
	C04
	0
	0
	3589



	SP31
	332,437
	0
	816
	C05
	0
	0
	93,531



	SP32
	1011
	0
	223
	C06
	0
	0
	4588



	SP33
	72,784
	2033
	68
	C07
	0
	0
	2964



	SP34
	270,083
	0
	57
	C09
	0
	0
	6731
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Table 2. Summary of anellovirus analysis. 1 Number of reference species currently accepted by ICTV for each genus. 2 Results obtained after reevaluating data from our previous study [18] using the currently accepted species and the recently proposed species demarcation criterion by the ICTV. 3 Results obtained analyzing the newly described sequences. 4 Genus assignment for the described sequences. 5 Number of new species (percentage with respect to the total number of described sequences for each genus is given between brackets). 6 Number of species that cluster with at least one new sequence (percentage with respect to the total number of species is given between brackets). Novel species identified from our previous study were also used as reference species on subsequent phylogenetic and pairwise identity analyses.
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Cebriá et al. (2021) 2

	
This Study 3




	

	
Species 1

	
Sequences 4

	
Novel Species 5

	
Coincident Clusters (%) 6

	
Sequences 4

	
Novel Species 5

	
Coincident Clusters (%) 6






	
TTV

	
26

	
68

	
6 (8.8)

	
13 (50.0)

	
160

	
6 (3.8)

	
20 (62.5)




	
TTMV

	
38

	
29

	
11 (37.9)

	
11 (28.9)

	
111

	
27 (24.3)

	
24 (49.0)




	
TTMDV

	
15

	
17

	
9 (52.9)

	
5 (33.3)

	
61

	
17 (27.9)

	
16 (66.6)




	
Total

	
79

	
114

	
26 (22.8)

	
29 (36.7)

	
332

	
50 (15.1)

	
60 (57.1)











[image: Table] 





Table 3. Summary of HPgV analysis. Estimates were obtained using accession U44402 as the reference sequence. * This pool consists of two different HPgV isolates, and individual estimates cannot be independently provided.
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	Sample/Pool
	# Reads
	Average Depth Coverage
	Genome Coverage
	Polyprotein Coverage





	SP1
	25,965
	1010.7
	98.4
	98.6



	SP3
	3669
	130.1
	94.2
	95.6



	SP4
	4250
	157.7
	92.5
	93.8



	SP11
	5706
	204.0
	99.2
	100.0



	SP13
	1173
	40.7
	96.4
	97.4



	SP16
	9
	2.4
	5.5
	6.0



	SP19
	339
	12.4
	82.7
	89.9



	SP20
	373
	13.5
	70.2
	76.4



	SP29
	6606
	228.7
	98.2
	99.2



	SP30
	6924
	230.1
	89.7
	91.1



	SP33
	2033
	71.1
	92.6
	94.8



	SP38
	2261
	82.7
	99.6
	100.0



	SP44
	10,713
	392.0
	99.1
	100.0



	SP49
	5226
	165.7
	83.4
	84.0



	SP53 *
	5344
	181.2
	97.5
	99.8



	SP56
	3523
	121.1
	91.7
	93.3



	SP58
	2158
	73.2
	93.6
	94.7
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