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Detecting contamination in viromes using ViromeQC
Totheeditor

Eukaryotic viruses and bacteriophages have important roles in microbiomes, but characterization
of virusesin metagenomics datais difficult. Viral-like particle (VLP) purification enables
enrichment for viruses from microbiome samples before sequencing but contamination can result
in misleading conclusions. We present a software tool named ViromeQC for analyzing virome
data. Here, we demonstrate the utility of ViromeQC by applying it to 2,050 human, animal and
environmental samples from 35 metagenomic virome sequencing studies that used one of the
available VLP enrichment techniques. The resulting analysis reveals these viromes are rife with
bacterial, archaeal and fungal contamination. Most samples show only modest virus enrichment,
and such enrichment is very variable between viromes in the same study. To address these
issues, we present a validated contamination quality-control pipeline to enable more robust
virome metagenomic analyses.

Viruses affect the ecology and composition of microbial communities™. Bacteriophages
(viruses of bacteria and archaed) are extremely abundant and diverse, and affect microbiomesin
several ways including transduction, which is an important mechanism of lateral gene transfer®.
M etagenomics can be used to characterize phage populations, but phage are so diverse, and
evolve so rapidly, that they are poorly represented in sequence databases. Also, there are no
universal viral genetic markers and the overall biomass of viruses, compared with other
microorganismsin asample, islow. For these reasons, phage sequences are difficult to identify
in metagenomes although specific methods that are partly based on sequence characteristics of
known phages have been reported™>.

VLP purification can be used to enrich microbiome samples for viral nucleic acids’,
thereby improving virus detection. VLP protocols have various goals, ranging from untargeted
analyses of highly purified phage populations to targeted identification of rare sequences of viral
pathogens in diagnostic samples. These methods typically include filtration through small pore
sizefiltersthat retain bacteria, cesium chloride gradient purification, treatment with chloroform
to disrupt membranes, and exposure to nucleases to reduce free DNA and RNA concentration. If

the aim is to use metagenomics to detect known viral pathogens, alow-purity sample may suffice
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because identification will be by alignment of sequence readsto viral databases. However, if the
aim isto detect unknown viruses or report al virusesin a sample, a high purity sampleis
required. When coupled with untargeted shotgun sequencing’, VL P enrichment has underpinned
numerous studies in human®®, environmental >, and built-environment settings™, but there is
no single VLP enrichment protocol that is optimal for all sample types.

Regardless of the VL P protocol, non-viral genetic material remains after enrichment2,
These unwanted nucleic acids are contaminants, and their presence particularly confounds the de
novo discovery of phagesin untargeted virome sequencing. If the VLP viromeispure, itis
possible to assemble reads into possibly fragmented viral genomes without using computational
prediction approaches, which are unavoidably affected by low-confidence calls and false
negatives*”. The fraction of viruses in the VLP sample is associated with improved de-novo
recovery of new viruses, but methods for evaluating VLP purity in samples have not been
systematically explored. Studies have assessed contamination of VL P-preparations by PCR-
amplification of prokaryotic 165 rRNA gene sequences before virome sequencing™***°. Others
have mapped the NGS virome sequencing output against the 16S rRNA gene, or adifferent
markerg'20_24.

However, these studies haven't provided a validated pipeline to quantify viral enrichment
in viromes or unenriched samples. Although efforts towards VLP-protocol optimization have
been reported®, the largest meta-analysis of post-sequencing non-viral quantification to date
considered just 67 viromes™. Asthe use of VLP enrichment for virome sequencing is increasing,
we set out to evaluate non-viral contamination in >2,000 virome sampl es.

To assess the enrichment rates of publicly available viromes, we applied our method
(Supplementary M ethods) on a collection of 2,050 VLP samples (Supplementary Table 1).
As controls, we included 2,189 metagenomes that were not enriched for viruses from the
curatedMetagenomicData®® and the National Center for Biotechnology Information Shortread
Archive (NCBI-SRA)? repositories, as well as 108 publicly accessible synthetic
metagenomes?”*® and one mock community (Supplementary Table 2). After uniform
preprocessing to remove low-quality reads (Supplementary Methods), we computed the
percentage of raw reads in each sample that align to the small subunit ribosomal RNA gene (SSU
rRNA), which has never been found in a virus genome. This provided a proxy for non-viral
microbial sequence abundance™. We estimated the abundance of the bacterial and archaeal 16S
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and micro-eukaryotic 18S ribosomal genesin all of the viromes and metagenomes. Unenriched
metagenomes provided a baseline estimation of the environment-specific rRNA gene abundance,
from which we calculated the relative enrichment of viromes with respect to the metagenomes.
Environmental and human/animal unenriched metagenomes had a median rRNA gene abundance
of 0.08% (n=320, interquartile-range=0.07%) and 0.25% (n=1,551, interquartile-range=0.1%)
(Fig. 1).

Prokaryotic and micro-eukaryotic contamination of viromes estimated by the
guantification of the SSU-rRNA revealed a wide range of enrichment efficiencies, with alarge
fraction of samples (n=567, 28.7%) having no virus enrichment at all, and >50% (n=990) having
less than threefold enrichment. A substantially smaller fraction of samples (n=339, 17.15%)
showed high enrichment (>100-fold). Differences in enrichment rates were not clearly associated
with any one VL P-purification method, although the heterogeneity of protocols makesit difficult
to provide statistical support to this observation. According to taxonomic annotations of the
rRNA gene sequences retrieved in viromes, the largest source of contamination was bacterial
DNA (1,466 samples), with 88 samples having higher abundances of eukaryotic associated SSU
rRNAs (Supplementary Table 3). The rRNA gene abundance variability was higher in viromes
than in metagenomes (Mann-Whitney U test p-value = 7.5¢ %, Supplementary Figure 1),
revealing not only that many viromes are poorly enriched for viruses, but also that the level of
bacterial and archaeal contamination is unpredictable.

The intra-dataset enrichment efficiencies were extremely variable, spanning more than
two orders of magnitude in 48.7% of the studies, which shows that even the same virome-
enrichment protocol applied to samples from the same study can still have vastly different levels
of contamination. For example, the 91 stool samples from the dataset of Ly et al.'® had a 16S
rRNA gene abundance standard deviation equal to 4.6 times the average (Figure 1; ref. 38). This
suggests that quality-benchmarking viromes after sequencing is crucial to evaluate the presence
of contaminants, and that intra-dataset variability should be carefully considered in downstream
analyses of untargeted viromes.

Four VLP datasets were highly enriched in rRNA genes with a median abundance > 10%
and peaks of 90% reads aligning to either the 165/18S or 23S5/28S rRNA gene subunits (datasets
36, 47, 50 and 51, see Supplementary Table 1). Conversely, the median rRNA gene abundance
observed in unenriched real and synthetic metagenomes never exceeded 1% (Supplementary
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Table 2). The experimental design of these four studies pointed at the likely cause of
contamination because they involved DNA and RNA co-extraction, with DNA and retro-
transcribed cDNA sequenced together. We hypothesize that higher rRNA abundance was
observed due to incompletely depleted structural rRNA in the samples. In afurther 25 RNA
viromes, we aso found higher rRNA abundances than would be expected (4.18% median
abundance when considering both rRNA subunits, maximum of 67.5%, Supplementary Table
4). Asit was not possible to evaluate the VL P enrichment efficiency by estimating rRNA
abundances for samples with atypically high levels of rRNA, we excluded datasets with more
than 10% median abundance of rRNA genes from the downstream analysis because viromes
with such high levels of rRNA genes are unlikely to be useful in downstream genome assembly
and analysis. In total, 307 samples were removed, all of which were from studies that sequenced
DNA and RNA together. Although protocols of this type cannot be evaluated with our approach,
they may be useful for some tasks such as sequence-based detection of known pathogens.

To improve virus enrichment estimates we next cal culated the abundance of the large
ribosomal subunit rRNA gene (LSU-rRNA), encoding for prokaryotic 23S and eukaryotic 28S
rRNAs (Fig. 2a) and of 31 single-copy universal markers from bacterial and archaeal ribosomal
proteins® (Supplementary Figure 2). Because some ribosomal proteins are occasionally found
inviral genomes™, it is plausible that this might result in assigning viral genomes as
contaminants. However, extensive mapping of these universal ribosomal markers against viral
repositories provided evidence that the rare inclusion of amarker gene in aviral genomeis
unlikely to affect the results (Supplementary Note 1, Supplementary Fig. 3, Supplementary
Table 5), especially when considering al 31 single-copy universal markers. Although afew
samples (11.8%) still harbored high levels of rRNA genes (i.e., >5% abundance, Supplementary
Fig. 4b, Supplementary Fig. 5), the abundance quantification of rRNA genes (SSU and L SU)
and genes encoding single-copy proteins were in agreement for most viromes. In 75.3% of the
viromes, rRNA genes and single-copy marker abundances were either both below (67.1%) or
above (8%) the reference unenriched-metagenomes medians (Supplementary Fig. 4). The
abundance of the individual markers was highly correlated (Fig. 2b), as were the abundances of
SSU rRNA and single-copy markers (Spearman’s coefficient = 0.72 when considering the
abundance of all 31 markerstogether). A weaker correlation was observed between LSU rRNA
and single-copy markers (Fig. 2b, Spearman’s coefficient = 0.47). Although rRNA and single-
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copy marker abundances were generally in agreement, we propose that a multi-marker approach
isrequired to accurately estimate viral enrichment. For example, one of the datasets we
examined® had substantial amounts of LSU rRNA genes, but was found to be highly virus-
enriched if only SSU rRNA were quantified.

Finally, we defined a comprehensive enrichment score that includes rRNA large and
small subunit abundances and single-copy markers. This score expresses virus enrichment in a
sample compared with the medians observed in unenriched metagenomes, and was computed by
taking the minimum across the three single enrichment scores for both viromes and
metagenomes (see Supplementary M ethods). Fewer than 50% of viromes that we analyzed had
an overall enrichment greater than threefold, fewer than 15% reached 30-fold enrichment, and
only 10% of the viromes were more than 50-fold enriched. Most of the viromes failed to meet
even alow level of enrichment (two- to threefold; Fig. 2c). Most studies had mixed enrichment
levels across samples (average of 55.41 s.d. 76.5 samples per dataset), with samples within the
same dataset spanning between one- and 100-fold virus-enrichment, confirming what we
observed previously on enrichments based on the SSU-rRNA gene only (Fig. 2d),. This further
underscores how samples that underwent the same V L P-technique might have widely different
levels of non-vira contamination.

To highlight the importance of quality control in untargeted virome metagenomics, we
investigated the extent to which the viral enrichment score is connected with successin
computational identification of viral genomes from virome samples subjected to metagenomic
assembly. We assembled 1,445 untargeted virome samples and classified each of the resulting
2.09x10’ contigs as viral or not-viral using VirSorter* (Supplementary Methods). The
proportion of viral and potentially-viral contigs increased from an average of 7.9% to an average
of 31% for samples with viral enrichment-scores of 1-2-fold and 5-9-fold, respectively.
However, the proportion of predicted viral contigs did not substantially increase at higher
enrichment values (Supplementary Fig. 6). Indeed, in most samples enriched by afactor of 100-
fold or more, for which there are, at best, just traces of ribosomal genes from prokaryotes and
eukaryotes, fewer than 25% of the assembled nucleotides could be classified as “ potentially
viral” (i.e., VirSorter category 1, 2 or 3), and fewer than 4% was ‘surely viral’ (i.e,. category 1).
At such high enrichment rates, assembled contigs could all be considered viral, which means
thereis a substantial false negative rate. Thisislikely due to viral genomes not displaying
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enough similarity with known reference viruses, and to the limitation of contig-based viral
detection tools when analyzing contigs with relatively short length®. Conversely, 55 of the 475
lowly enriched samples (i.e. less than threefold) had more than 20% of the assembled nucleotides
labelled as potentially viral, which isinconsistent with the high abundance of prokaryotic
organisms with much longer genomes and could suggest the presence of false positives. Caution
is needed when interpreting the results of viral mining software and incorporating virome-
enrichment into untargeted virome analyses should improve downstream analyses.

Our analysis should serve to raise awareness of the potential for prokaryotic and
eukaryotic contamination in viromes. Unfortunately, post-sequencing evaluation of non-vira
contaminants in viromes before contig-based virus classification is rarely performed. Our read-
based estimates of non-viral contamination could be used to guide the selection of tools and
thresholds for downstream viral contig detection. We caution that if metagenomic assembly is
carried out on poorly enriched samples, it increases the number of contigs that are wrongfully
assigned as viral by computational predictions.

We urge researchers to apply quality control to viromes before genome analysis. Thisis
particularly important when datasets are retrieved from public sources, and when metagenomic
assembly is used to characterize unknown viruses in samples. The computational pipeline we
introduce to analyze the enrichment of viromes differs from previous methods that focused on
only 16S rRNA genes to address microbial contamination. ViromeQC integrates the abundances
of 165/18SrRNA genes, 235/28S rRNA genes, and a panel of 31 universal bacterial genes.
ViromeQC softwareis freely available at http://segatal ab.cibio.unitn.it/tools/viromeqgc.
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Figure 1. Survey of viral enrichment rateson 1,977 samples from 35 studies estimated as
per centage of reads aligning to the small subunit rRNA gene. The vertical dotted lines
indicate the median of median SSU rRNA abundances in human/animal (red dotted line) and
environmental (blue dotted line) unenriched metagenomes, as a reference. The two medians are
used to calculate the enrichment rate of each virome with respect to the reference metagenomes.
The frequency of enrichment levels of all the 1,977 viromes that passed quality-control is
represented in the inset histogram. The histogram on the right side shows the number of reads
(bar height) and the number of samples (to the left of the bar) in each dataset. Datasets are
grouped by type (environmental or Human/animal). Datasets within the same group are ordered
by median abundance. References to each dataset are provided in (Supplementary Tables 1 and
2). Error barsin the right barplot show the 95% confidence intervals. Boxes show the quartiles of
each dataset, the central line in each box indicates the median, while whiskers extend to show

data points within 1.5 IQR range. Data-points, including outliers, are overlaid to the boxes
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Figure 2. Combined quantification of ribosomal genes and genes coding for univer sal
proteinsidentifies the cross-study set of 101 sampleswith >100x VL P enrichment. (a) The
retrieved viromes were mapped against rRNA small and large subunits reference sequences (x-
axis), and against 31 single-copy bacterial markers (y-axis). The scatter plot shows the
percentage of aligned reads on 1,751 human and animal viromes (red) and 226 environmental
viromes (blue). The dotted lines indicate the median abundances in the corresponding
metagenomes. (b) Spearman’s correlation coefficients between the 31 single-copy markers and
the small and large subunits of the rRNA gene. (c) Fraction of the discarded viromes at different
enrichment thresholds (dashed lines) and using different components to cal cul ate the enrichment.
The proposed threshold (rRNA SSU + LSU + single-copy markers) isdrawn in black. (d)
Enrichment scores of samples within each dataset grouped by dataset type together with
metagenomes used as controls. The enrichment score is based on both SSU and LSU rRNAs and
single-copy markers. References to each dataset are provided in Supplementary Tables 1 and 2
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