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ABSTRACT Viral metagenomics is the most powerful tool to profile viromic composi-
tion for a given sample. Different viromic methods, including amplification-free ones,
have been developed, but choosing them for different purposes requires comprehensive
benchmarks. Here, we assessed the performance of four routinely used methods, ie.,
multiple displacement amplification (MDA), direct metagenomic sequencing (MTG),
sequence-independent single-primer amplification (SIA), and metatranscriptomic sequenc-
ing (MTT), using marmot rectal samples as the templates spiked with five known viruses
of different genome types. The obtained clean data were differently contaminated by
host and bacterial genomes, resulting in MDA having the most, with ~72.1%, but MTT
had only ~7.5% data, useful for follow-up viromic analysis. MDA showed a broader spec-
trum with higher efficiency to profile the DNA virome, and MTT captured almost all RNA
viruses with extraordinary sensitivity; hence, they are advisable in richness-based viromic
studies. MTG was weak in capturing single-stranded DNA viruses, and SIA could detect
both RNA and DNA viruses but with high randomness. Due to biases to certain types of
viruses, the four methods caused different alterations to species abundance compared to
the initial virus composition. SIA and MDA introduced greater stochastic errors to relative
abundances of species, genus, and family taxa, whereas the two amplification-free meth-
ods were more tolerant toward such errors and thus are recommendable in abundance-
based analyses. In addition, genus taxon is a compromising analytic level that ensures
technically supported and biologically and/or ecologically meaningful viromic conclusions.

IMPORTANCE Viral metagenomics can be roughly divided into species richness-
based studies and species abundance-based analyses. Viromic methods with differ-
ent principles have been developed, but rational selection of these techniques
according to different purposes requires comprehensive understanding of their prop-
erties. By assessing the four most widely used methods using template samples, we
found that multiple displacement amplification (MDA) and metatranscriptomic
sequencing (MTT) are advisable for species richness-based viromic studies, as they
show excellent efficiency to detect DNA and RNA viruses. Meanwhile, metagenomic
sequencing (MTG) and MTT are more compatible with stochastic errors of methods
introduced into relative abundance of viromic taxa and hence are rational choices in
species abundance-based analyses. This study also highlights that MTG needs to
tackle host genome contamination and ameliorate the capacity to detect single-
stranded DNA viruses in the future, and the MTT method requires an improvement
in bacterial rRNA depletion prior to library preparation.
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iruses are obligate intracellular parasites that nearly infect all forms of cellular life

(1). As the most abundant biological entities on our planet, viruses significantly out-
number live cells with an estimated total of 103! virus particles globally (2, 3). Viruses
have traditionally been a concern since many of them are causative agents of diseases in
humans, domestic animals, and crops. Beyond that, viruses also exert a profound influ-
ence in environmental ecology by modulating the dynamic equilibrium of microbiota
with complex biochemical interaction networks (4) and in the evolution of their host by
functioning as vectors of horizontal gene transfer (5). Hence, exploration of the diversity
of viruses, i.e., the virome, in a variety of biospheres has tremendous merits, such as early
warning of emerging infectious diseases (6), maintenance of physical health (7), under-
standing of the origin of life (8), and development of new biotechnological potentials
(9). Since the introduction of metagenomics into the field of virology and further pow-
ered by high-throughput sequencing (HTS), viral metagenomics has greatly transformed
our understanding of viral diversity and rapidly expanded our capability to profile the
virome, allowing us to determine the ecological functions of the virome and virus-host
interaction (1, 10, 11).

Due to the complexity of sample types and components and to the low abundance
of virions, viral metagenomics usually applies pretreatments to enrich virions before vi-
ral nucleic acid (NA) extraction (12-14) and different options to increase the proportion
of viral NA after extraction (12-14). Currently, several postextraction techniques are
commonly used to magnify small amounts of viral NA. The linker amplification shotgun
library (LASL) strategy was the first method used to amplify viral DNA in viral metage-
nomics, which relies on DNA fragmentation and following linker ligation before ampli-
fication (15). Sequence-independent single-primer amplification (widely termed SISPA
but here we referred to as SIA) is a method related to LASL since both employ PCR to
amplify viral NA prior to HTS. Instead of DNA fragmentation by shearing in LASL, SIA is
originally based on endonuclease restriction of DNA followed by ligation of the adap-
tor linker (14). A modified version of SIA that is now widely used to screen RNA viruses
(16-18) introduces a defined adaptor to viral NA by reverse transcription and double-
stranded complementary DNA (dscDNA) synthesis primed by anchored random hex-
amers or octamers (12, 14). The multiple displacement amplification (MDA) technique
employs a different principle to amplify viral DNA (19, 20), in which DNA is amplified
under isothermal condition with random hexamer and high fidelity, as well as strand-
displacement capacity of bacteriophage ¢29 polymerase (21). Metatranscriptomics
(MTT) is highly specific to the RNA virome and is widely used in RNA virus discovery, in
which total RNA is extracted and followed by ribosomal RNA (rRNA) depletion prior to
transcriptome sequencing (RNA-seq) (1, 22, 23). Very recently, mining viral genomes
from shotgun metagenomes resulted in high-quality gut bacteriophage genomes (24,
25), indicating that direct metagenomic sequencing (MTG) of samples in viromic study
without enrichment of virions and amplification of viral NA is possible. Instead of a nec-
essary step of amplification after viral NA extraction in LASL, SIA, and MDA, total RNA
and DNA are directly used for library preparation in MTT and MTG, respectively. Hence,
the amplification-free MTT and MTG methods are considered the closest methods to
quantitative viral metagenomic analysis, which is able to give the virus abundance
based on the percentage of reads (26), although it has not been verified.

Viromic analysis, especially from an ecological view, is very sensitive to artificial bias
in viral metagenomic data. Previous studies have shown that bias can be introduced
into the viral metagenome in every step of sample preprocessing (27-32). Although a
variety of viromic techniques have been developed, none of them can serve as a uni-
versal method to profile the complete spectrum of viruses, since these methods were
designed for viruses of different genome types, which determines the predominant
bias to certain virus types. Till now, several evaluations of the three amplification-based

July/August 2022 Volume 7 lIssue 4

mSystems

10.1128/msystems.00430-22

2


https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00430-22

Evaluation of RNA and DNA Viromic Methods mSystems

methods have been conducted, providing important insights into the advantages and
disadvantages of these methods (16, 29, 33, 34). Among these DNA-specific methods,
LASL is time-consuming, is preferred for double-stranded DNA (dsDNA), and requires a
relatively large amount of initial input (33, 34). MDA preferentially amplifies single-
stranded DNA (ssDNA), especially circular single-stranded DNA (cssDNA), and usually
generates chimeric products (29, 34). Reverse transcription-based SIA has been consid-
ered to be an RNA viromic method (16, 17, 35) that is highly efficient in magnifying viral
NA, but it can introduce a strong amplification bias (16, 29, 34). Furthermore, a universal
disadvantage of these amplification methods is alteration of the relative abundance (RA)
of viruses, although such an alteration has a minor impact on B-diversity in ecological
analysis (29, 34).

Although various methods are available for viromic profiling in a given sample,
choosing a rational technique for a specific purpose requires a comprehensive under-
standing of these methods. Previous evaluations were mainly limited to the amplifica-
tion-based methods (16, 17, 29, 33). A systematic comparison of the amplification-free
quasiquantitative techniques with the amplification-based methods is lacking. In addi-
tion, as capacity of HTS increasing and the cost dramatically decreasing, large-scale viral
metagenomics allows us to explore the rare virosphere and is expected as an extension
from descriptive analysis to ecological interpretation (36, 37), which is heavily dependent
on species richness and abundance within and between samples. Thus, the robustness
of these methods on rare taxa and the choice of taxonomic rank need to be considered
in ecological analyses. Here, we conducted a comprehensive comparison of the popular
SIA, MDA, and the amplification-free MTT and MTG using marmot rectal samples as the
templates (Fig. S1); the samples were spiked with different concentrations of five quanti-
fied viruses as internal controls. The results have provided more insights into the per-
formance of these methods and could help choose a rational technique for different
virome-profiling scenarios.

RESULTS

Host and bacterial genome contamination. Although a variety of measures have
been used in sample pretreatment to minimize contamination, host and bacterial ge-
nome contaminants are seemingly inevitable and compose a substantial part of the
viromic raw data (32, 38, 39). Containing complex backgrounds of host cells and other
microorganisms, as well as unknown virus composition, natural samples are ideal for
determining the degree of exogenous contamination and the richness and abundance
of the viromic raw data of the virus species. The template samples were generated
using our archived marmot rectums and subjected to different preprocessing and
library preparation according to the principles of the four techniques. All HTS data
were subjected to bacterial NA contamination assessment using ViromeQC version 1.0
(40). The results showed that libraries varied dramatically in small subunit (SSU) and
large subunit (LSU) rRNA alignment rates and in bacterial marker alignment rates
(Kruskal-Wallis test, P < 0.001) (Fig. 1A to C). MDA libraries showed the lowest align-
ment rates against SSU (~0.06%) and LSU rRNA (~0.09%) (Fig. 1A and B), and the high-
est bacterial marker alignment rate (0.4 = 0.2% [mean =* standard deviation]) (Fig. 1C).
SIA libraries had higher alignment rates to SSU, LSU, and bacterial markers compared
to these of MTG (Fig. 1A to C). MTT libraries had the lowest alignment rates (~0.03%)
against bacterial markers (Fig. 1C) but showed unexpectedly high alignment rates
against SSU (12.3 £ 6.7%) and LSU (63.7 = 25.6%) rRNA (Fig. 1A to C).

These clean data were subjected to assignment and removal of host genome and
then to a taxonomic classification of bacteria, archaea, and fungi using Kraken2 (41).
MTT data had the lowest assignment rates to host genome (~2.7%), followed by simi-
lar proportions in SIA (5.0 = 4.8%) and MDA (~5.9%) libraries, but MTG libraries pro-
duced the highest ~20.8% host genomic reads (Fig. 1D). Metagenome assignment
showed that MTG libraries had the lowest classification rates (15.6 = 8.1%) and then
MDA (22.1 = 6.1%), followed by SIA (37.5 * 30%) (Fig. 1D). Unexpectedly, MTT data
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FIG 1 Bacterial and host contamination in high-throughput sequencing (HTS) clean data. (A to C) The alignment rates of small
subunit (SSU) (A) and large subunit (LSU) (B) rRNA and bacterial marker (BM) (C) of these data were evaluated using ViromeQC 1.0.
(D) These HTS data are composed of host genome, bacterial contamination (classified using Kraken2), and unclassified reads. MDA,
multiple displacement amplification; MTG, direct metagenomic sequencing; SIA, sequence-independent single-primer amplification;
MTT, meta-transcriptomic sequencing.

had classification rates as high as 89.9 = 30.8% (Fig. 1D), in which 98.3% were bacterial
genomes (Data Set S1). After removal of these contaminated portions, MDA had the most
unclassified reads (72.1 = 17.4%) left, followed by 63.6 == 22.7% of MTG and 57.5 = 27.3%
of SIA (Kruskal-Wallis test, P < 0.001) (Fig. 1D). Only ~7.5% of MTT data was unassigned
(Fig. 1D). These results indicate different contamination degrees of host and bacterial
genomes in viromic HTS raw data with especially high proportions of host genome in
MTG data and bacterial genome in MTT data.

Batch effects of MTG and MTT. We initially failed to prepare the libraries of three
replicates of MTG and MTT methods at viral concentrations of 100 and 10* copies/ulL,
so we resampled the rectums and repeated the preprocessing, which allowed us to
evaluate the batch effect of MTG and MTT. We clustered all libraries based on the
MASH K-mer distances of clean and unassigned data. These libraries were well differen-
tiated into different clusters corresponding to the methods (Fig. S2), but the rebuilt
libraries of MTG and MTT detached from the initial ones, indicating that there existed a
batch effect among MTG and MTT libraries. In addition, we found that one MDA library
at 10* copies/ulL deviated from the remaining MDA ones and clustered together with
the rebuilt MTG libraries, which might be due to an artificial error during library prepa-
ration. The batch effect was further examined at the virus richness level. The Jaccard
distances of these libraries were calculated based on the binary virus operational taxo-
nomic unit (vOTU) table (see next section); the results showed that the heterogeneities
among MTG and MTT data were largely mitigated, but the MDA outlier still stayed
away from the remaining MDA libraries. Hence, while kept in richness assessment, the
rebuilt MTG and MTT libraries were excluded in virus abundance analysis in order to
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FIG 2 Virus operational taxonomic unit (vOTU) accumulation curves of MDA (A), MTG (B), SIA (C), and MTT (D) viromic techniques
in repeated sequencing (RPS) (referring to the bottom axes) and ultradeep sequencing (UDS) (referring to the top axes).

eliminate the heterogeneity of data imposed by the batch effect; the MDA outlier was
removed from both analyses.

Preferences of the four techniques to capture viromes of different genome
types. We generated a complete viromic assemblage of the samples by coassembly of
all unassigned data, which comprised 29,726 vOTUs (Data Set S2). It covered dsDNA
(n = 27,055), ssDNA (n = 84), cssDNA (n = 2,014), double-stranded RNA (dsRNA) (n = 101),
single-stranded RNA (ssRNA) (n = 271), and reverse transcribing RNA (rtRNA) (n = 201)
viruses (Data Set S2). MDA libraries captured the most of vOTUs (95.5%, n = 28,398), fol-
lowed by 86.1% of MTG (n = 25,584) and 85.6% of SIA (n = 25,439), but MTT detected
only 27.7% of the total vOTUs (n = 8,242) (Fig. S3). Species accumulation assessment
showed that a single library of MDA, MTG, SIA, and MTT can capture 23,432.0 = 740.3,
13,365.9 = 4,104.2, 9,372.0 = 4,034.4, and 1,229.8 = 456.0 vOTUs, respectively (Fig. 2),
far from enough to profile the whole viromic assemblage. However, as sequencing
repeated, vOTUs expanded significantly (Fig. 2A to D). Here, we defined whether the expan-
sion rate of vOTUs (the proportion of the increased vOTU number to the number generated
in the previous sequencing replicates) slows down to 5% and the capture rate (the proportion
of the vOTU number captured in certain sequencing repeats to the total) rises to 85%; such
repeats reach saturation of virome. When sequencing was repeated three, five, and seven
times, the vOTU expansion rates of MDA, MTG, and SIA slowed down to 3.8, 4.3, and 4.4%
and captured 95.3% (27,061.5 of 28,398), 88.3% (22,579.2 of 25,584), and 87.3% (22,2163 of
25,439) of vOTUs (Fig. 2), respectively. However, the vOTU number captured by MTT kept
increasing as sequencing repeated (Fig. 2). The results indicated that MDA is the most efficient
DNA viromic technique and needs only three sequencing repeats to reach viromic saturation.

The four techniques showed various preferences in viromic profiling for different vi-
ral genome types at the species richness level. MDA showed the previously recognized
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FIG 3 Principal coordinates analysis (PCoA) analyses revealed that libraries (triangles) aggregated into four clusters corresponding to MDA, MTG, SIA, and
MTT viromic techniques that show different preferences to vOTUs (filled circles) of double-stranded DNA (dsDNA) (A), single-stranded DNA (ssDNA) (B),
circular single-stranded DNA (cssDNA) (C), reverse transcribing RNA (rtRNA) (D), double-stranded RNA (dsRNA) (E), single-stranded RNA (and ssRNA) (F). The

circled libraries are rebuilt MTG and MTT ones that detach from the initial ones due to batch effects.

bias to cssDNA viruses with a capture rate of 99.2%, much higher than the next SIA of
86.5% (Fig. S3). Due to a predenaturation introduced before amplification, the modi-
fied MDA method was also permissible to detect dsDNA viruses with the highest cap-
ture rate of 96.7%. As to the linear ssDNA viruses, SIA missed only one vOTU with a
capture rate of 98.8%, followed by the comparable MDA with a capture rate of 95.2%
(Fig. S3). MTG captured the most rtRNA vOTUs (98.5%), far ahead of the following MDA
(71.1%), which should be ascribed to the fact that these rtRNA vOTUs were predomi-
nated by the endogenous retroviral elements that were not removed by nuclease
digestion prior to library preparation and preferentially recovered by MTG. Both SIA
and MTT were excellent to detect RNA viruses with similar capture rates of ~86%, but
each of them missed minor parts of dsRNA and ssRNA viruses (Fig. S3). Sequence analy-
sis showed that these missed RNA vOTUs had close annotation but corresponded to
different regions of target sequences.

Species abundance is a basis in the analysis of virus ecology. A Bray-Curtis dissimilarity
matrix was calculated and used for principal coordinates analysis (PCoA). The 58 libraries
were gathered into 4 clusters specifically corresponding to different viromic principles
(Fig. 3). The MDA libraries clustered together, but due to the batch effects as assessed
based on the K-mer composition of these data, the MTG and MTT libraries, respectively,
gathered into two subclusters, indicating that the batch effect caused abundance variation
among the data (Fig. 3). Compared to aggregations of MDA, MTT, and MTG libraries, more
dispersion was noted among SIA libraries, indicating higher randomness of the method in
viromic profiling (Fig. 3). The projection of vOTUs onto libraries confirmed the preferences
of the four techniques for different viral genome types. Generally, MDA showed excellent
performance to capture DNA viruses (Fig. 3), while MTT and SIA were highly preferential
for RNA viruses (Fig. 3). These SIA libraries were distributed in the middle area of the PCoA
ordination, and a lot of vOTUs from different genome types fell in this area (Fig. 3), sug-
gesting permission of SIA to profile all kinds of viruses.

July/August 2022 Volume 7 lIssue 4

10.1128/msystems.00430-22

6


https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00430-22

Evaluation of RNA and DNA Viromic Methods

Relative abundance variation of taxa over viromic methods and taxonomic
ranks. In viral ecological analysis, virome is often interpreted at the vOTU (species), ge-
nus, or family levels (42-44), but use of different taxonomic ranks has rarely been eval-
uated. In addition, dominant species are usually concerning, but the rare taxa are
increasingly recognized to be more relevant to ecosystem functioning (36). Since all
libraries of the four methods in this study were prepared using the same samples, the
initial concentrations of viruses were the same, which was ideal to assess the impact of
taxonomic rank on ecological conclusion, and the ability of these methods to capture
rare taxa. These vOTUs were clustered at the approximate genus and family levels with
the majority being singletons and excluded. We further removed the family taxa that
shared no vOTUs with genus taxa and finally classified 1,494 and 2,250 vOTUs into 694
genus and 665 family taxa, respectively. The top 10 abundant taxa at the vOTU (those
composing the genus and family taxa), genus, and family levels were extracted to cal-
culate their RAs of reads. By comparison of the coefficient of variation (CV) of their RAs,
we found that at the three levels, the RAs of SIA libraries fluctuated greatly
(CV = 130.7%), followed by MDA (CV = 41.0%), whereas the two amplification-free
methods were the most stable, with CV = 13.4% at the genus and family levels
(Fig. 4A; Fig. S4). With the elevation of taxonomic rank from vOTU to family, members
within the taxon increased, which significantly improved the stability of RA at the ge-
nus and family levels of MDA and MTG methods. Such improvement was also noted in
MTT, but it was statistically insignificant (Mann-Whitney test, P > 0.05). However, no
improvement was noted in SIA (Fig. 4A).

We further examined whether the variation of RA at the three levels had any impact
on a- and B-diversity. The Shannon and Simpson indices of the four methods at each
level were calculated. The two indices of MDA and MTG were highly steady (CV < 3%)
since the genus level, but that of SIA became more variable at the genus and family
levels than at the vOTU level (Fig. 4B and C). The two indices of MTT were very stable
(CV < 3%) at whichever level (Fig. 4B and C). The intramethod Bray-Curtis distance ma-
trix at the three levels was compared. The viromic composition profiled by the four
methods became more similar between repeats at the genus level than at the vOTU
level (Mann-Whitney test, P < 0.05). Unlike MTT, the similarities of the MDA, MTG, and
SIA methods were not further improved at the family level (Mann-Whitney test,
P > 0.05) (Fig. 4D). These results indicated that the two amplification-free methods
cause the least variation to RAs of viromic taxa compared to the amplification-based
techniques. Such variation can be alleviated to different degrees at the genus level,
which could ensure robust ecological conclusions as much as possible. We further pro-
filed RA variations over taxa of the four methods at the three ranks. All methods
showed similar variation patterns, i.e., variation of RA was negatively correlated with
RA (R < —0.039, P < 0.001) (Fig. 5). Especially the abundant taxa (RA > 1%) of MTG
and MTT at the genus and family levels and those of MTT at the vOTU level had quite
stable RAs with CVs close to 10%, but the RAs of those rare taxa (RA < 0.01%) of all
methods across ranks were very variable, with a majority of CVs > 30% (Fig. 5).

Bias assessment of the four methods using spiking viruses. We used porcine
pseudorabies virus (PRV), porcine parvovirus 1 (PPV1), porcine circovirus 2 (PCV2),
group A rotavirus (RVA), and rabies virus (RABV) (Table 1), representing genome types
of dsDNA, ssDNA, cssDNA, dsRNA, and ssRNA, respectively, as spiking viruses. These
viruses were quantified and equally mixed to a series of concentrations of 1 to 104
genomic copies/uL with 10-fold dilution and then were added to marmot rectal tem-
plate samples (Fig. S1). These spiking viruses in a sample had the same initial concen-
trations, but their ratios of read abundance (reads per kilobase per million mapped
reads [RPKM]) have changed greatly. The RPKM ratios of PRV, PPV1, and PCV2 in MDA
data of samples with initial concentrations of 10®> and 10* gene copies/uL changed to
2:1:320 and 6:1:123, respectively. However, such a ratio in MTG at 10* gene copies/uL
changed to 100:7:4, showing a skew of MTG to dsDNA viruses. The ratio of RVA and
RABV in MTT at 103 and 10* gene copies/ul, respectively, changed to 1,150:1 and
109:4, suggesting a skew of MTT to dsRNA viruses. Read numbers of a virus between
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samples significantly reflect the viral load alteration in some viromic tests. The viral
RPKMs of PCV2 and PRV in MDA, PRV in MTG, and RVA and RABV in MTT kept highly
linear positive change as the increase of the initial viral concentration, with a growth
rate of 1.9 = 2.0 (R = 0.90, P = 0.0021) (Fig. 6). However, such a relationship in SIA was
not established statistically. This result keeps in line with the Bray-Curtis distance matri-
ces of the four methods, in which the read abundance in SIA libraries has been greatly
altered, resulting in high heterogeneity between SIA libraries (Fig. 4D).

Sensitivity comparison. These serially diluted spiking viruses can serve as internal
controls to assess the sensitivity of methods to detect rare species and the relationship
between virus concentration and read numbers. As shown in Fig. 6, MDA and MTG
could capture the three spiking DNA viruses with the former able to detect PRV and
PCV2 at concentrations as low as 102 copies/uL and also more efficient to obtain the
complete genome, whereas the latter is more sensitive in the detection of PRV (at 10
copies/ul) but blunter in the two small ssDNA viruses PCV2 and PPV1 (detect as high
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FIG 5 The variations in the relative abundance of vOTU, genus, and family taxa are negatively correlated with relative abundance.

as 10* copies/uL). SIA could detect RVA and the three DNA viruses at 102 gene copies/
nL and RABV at 10* copies/uL but showed a lower capability in the complete viral ge-
nome assembly, even with viral NA concentration as high as 10* copies/uL. The highest
genome coverage produced by SIA was 44.3 = 11.0% (for PPV1) (Fig. 6). MTT showed
outstanding detection sensitivity in the two RNA viruses (at 1 copies/uL) and can even
produce enough reads to cover the complete genome of RVA at 102 copies/uL (Fig. 6).

Comparison of viromes profiled by ultradeep sequencing and replicated sequencing.
Ultradeep sequencing (UDS) can enhance the capacity to profile virome by producing
an extremely large number of sequences using a single library, whereas repeated
sequencing (RPS) can refresh the library with new sequences by multiple independent
library construction and hence is an alternative to improve viromic profiling. One
library of the four techniques at 10 gene copies/uL was selected for additional
sequencing, which eventually generated 47.1, 36.8, 23.3, and 40.7 Gb of data for MDA,
MTG, SIA, and MTT, respectively (Fig. 6). The data generated by UDS were randomly
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TABLE 1 Details of spiking viruses used in this study®

mSystems

Virus Family Genome type Genome size (kb) Accession no.

Porcine pseudorabies virus Herpesviridae Linear dsDNA 137,764 JF797217

Porcine parvovirus Parvoviridae Linear ssDNA 5,075 NC_001718

Porcine circovirus 2 Circoviridae Circular ssDNA 1,768 KT719404

Group A rotavirus Reoviridae Segmented dsRNA 18,135 KC960619 to KC960629
Rabies virus Rhabdoviridae Linear ssRNA 11,928 AF499686

adsDNA, double-stranded DNA; ssDNA, single-stranded DNA; dsRNA, double-stranded RNA; ssRNA, single-stranded RNA.

subsampled to 6 Gb and to its serial folds. As shown in Fig. 2, the number of vOTUs
grew as the amount of data increased. As to MDA, the number of vOTUs accumulated
to saturation at 18 Gb with the expansion rate going down to 2.2%, with the capture
rate reaching 93.6% (26,580.7 of 28,398) (Fig. 2A). MTG saturated at 24 Gb with an
expansion rate going down to 2.5% and a capture rate reaching 97.4% (24,925.3 of
25,584) (Fig. 2B). However, the vOTU numbers of SIA and MTT kept rising and captured
only 61.2% (15,572 of 25,439) and 81.0% (6,676 of 8,243) of vOTUs at their final data
sizes of 23.3 and 40.7 Gb, respectively (Fig. 2C and D); i.e., SIA and MTT did not reach
saturation at such data sizes. Although both saturated with data size of 18 Gb, RPS of
MDA showed a higher capture rate (94.3%) compared to that of UDS (92.7%), indicat-
ing that RPS is slightly more efficient than UDS in MDA. As to MTG, RPS saturated after
five repeats with a capture rate of 88.3% and produced 30 Gb of data; hence UDS is
more efficient because it saturated at 24 Gb with a capture rate of 97.4% (Fig. 2B). By
comparison of the accumulation curve of SIA, RPS captured more vOTUs than UDS,
since sequencing was repeated three times (Fig. 2C), which should be due to the high
randomness of SIA in amplification, and multiple SIA pretreatments of the same sam-
ple can significantly improve the viromic coverage. However, UDS was more efficient
to capture viruses than RPS in MTT (Fig. 2D), which indicates that sequence composi-
tions kept highly homogeneous in libraries of the two amplification-free methods, ena-
bling UDS to detect trace vOTUs.

DISCUSSION

The recognized role of viruses has dramatically expanded from the traditional dis-
ease-causing agents to the current necessary component of microecosystem (7, 9, 45,
46). In HTS-based viromic studies, enriching virions by reducing exogenous contamina-
tion is a critical step. Exogenous contamination derives from nonviral microbes and
hosts, which can be minimized by such means as ultracentrifugation, ultrafiltration,
pore-sized filtration, nuclease digestion, and amplification of viral NA, with the former
two often used to downsize environmental samples. In contrast, due to the limited ini-
tial sample size, the latter three methods are widely used in animal viromics. Virome
quality check and component analyses of HTS clean data consistently indicate that the
data sets generated by the four techniques vary in contamination of bacterial and host
genomes, with MDA having the least exogenous contamination (Fig. 1A to D). MTG
data contained the highest host genome contamination (Fig. 1D), inversely proving
that nuclease digestion is necessary for viromic studies. Although a depletion of mam-
malian rRNA was implemented prior to library construction, these reads still dominate
in MTT data (Fig. 1D), resulting in very little data left for viromic annotation, which indi-
cates that an improvement to deplete rRNA, especially those bacterial rRNA, is needed.

Virus species richness and abundance are often measured in viral metagenomic
analysis. Richness refers to the species number harbored in a given sample, while
abundance indicates the individual number of a virus species. Preference of method is
the predominant factor affecting species richness. It is well known that MDA is skewed
toward cssDNA, but it also shows incomparable ability to profile all types of DNA
viruses. Technically, MTG is not designed for ssDNA viruses, as it requires dsDNA to pre-
pare HTS library. Although some cssDNA and ssDNA viruses appeared in the MTG
viromes (Fig. S3), they had very low read counts and predominantly pointed to the
MDA and SIA libraries (Fig. 3B and C). As we noted previously (47, 48), SIA uses reverse
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transcriptase and Klenow fragments to convert RNA to dscDNA, determining it a RNA viro-
mic method (35). However, it is also compatible with DNA viruses (18, 35), due to the side
activity, i.e, DNA-directed DNA polymerase, of reverse transcriptase to synthesize the coun-
terpart of ssDNA (49), which makes it the only method that can simultaneously profile DNA
and RNA viromes, although not so efficiently as the specific methods. MTT is the best RNA
viromic method with excellent sensitivity (Fig. 6), which has already been proven and
widely used in RNA viromic profiling (23, 50). Nonetheless, we observed a bias of MTT to
dsRNA viruses (Fig. 6), which is possibly and partially because dsRNA doubles cDNA com-
pared to ssRNA in library preparation.

Species abundance, often indicated using read RA, is critical to the ecological analysis
of virome. However, read RAs are dramatically altered in all viromic analyses compared to
the initial ratio of virus concentration (Fig. 6), which is determined by the principle of
method and cannot be alleviated but instead accumulates as experiment repeating and
thus is a systematic bias (29, 33). In addition, due to varying stability or reproducibility, the
four methods also introduce stochastic errors to taxon RAs, of which SIA was the most vari-
able, followed by MDA, while the two amplification-free methods were largely steady
(Fig. S5). Stochastic error can be mitigated using repeated experiments and inclusion of
more members within taxon. The former enables us to use the mean of RA to avoid sto-
chastic fluctuation, while the latter refers to the taxonomic rank that sequences are clus-
tered to. Currently, vOTU or species is the basic taxon often used in viromic analysis (51),
but genus and family are also involved (42-44). Species provides a finer taxonomic resolu-
tion, allowing accurate identifications of ecotypes responding to environmental variables
(52) and are apt to be masked at high-rank taxa that provide coarsely ecological resolution
(52). However, the species level—especially the rare one—has limited tolerance to and
hence is prone to be influenced by the stochastic error of the method. Comprising multi-
ple members that enable to offset stochastic errors among them, the high-rank taxon is
hence capable of being technically supported to draw a robust conclusion. However,
members of the high-rank taxon are usually complicated, e.g., the families Parvovirdae and
Rhabdoviridae containing viruses infecting plants and animals (53). Thus, if viromic analysis
is based on such taxa, it would be difficult to interpret and understand its ecological mean-
ing. Accordingly, an equilibrium between ecological meaning and technical robustness
should be considered in viromic analysis.

Taxa at the species, genus, and family levels were assessed in this study to deter-
mine their tolerance to stochastic errors of methods. Stochastic errors caused the high-
est variation of RA at the species level, which was significantly mitigated at the genus
level (Fig. 4A), but it was not further ameliorated at the family level (Fig. 4A), which
should be ascribed to the fact that the high diversity of viruses in this study did not
provide substantial member addition to family taxa compared to genus taxa, and the
predominant vOTUs were rare with high variation in RA (Fig. 5) and hence contributed
little to the stability improvement of family taxa. Responses of taxa at the three levels
to stochastic errors further influenced a- and B-diversity (Fig. 4B to D). Generally, rich-
ness and abundance of genus taxa kept significantly higher homogeneity than that of
species taxa, but such homogeneity was not further improved in family taxa (except
for beta diversity among MTT libraries) (Fig. 4B to D). These results indicate that taxa at
the genus level show good tolerance to stochastic errors; on this basis, the analysis can
be technically supported to draw conclusions close to real situations. Moreover, a ge-
nus is a group of species sharing closer common characteristics than those in a family,
such as genomic structure and size, antigenicity, and host spectrum (53); hence, a clas-
sification at the genus level meets the requirement for a conclusion with biological
and/or ecological meaning. Currently, genus-level taxonomic assignment of bacterio-
phage genomes has been well enabled using vConTACT2, an application of gene-shar-
ing networks (54), but classification of eukaryotic virus genomes is very complicated,
since they have more diverse genomic configurations (54, 55). In addition, previous
evaluation found that amplification-based viromic methods introduce stochastic errors
to low-input samples (29, 56), but we found that such errors also influence rare species
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in high-input samples (Fig. 5). Rare species compose the rare biosphere in the micro-
bial community and have gained increasing attention, since they contain key taxa
immediately responding to environmental variables and functioning regulatory and
metabolic activities in microecosystem (36). The susceptibility of rare species to sto-
chastic errors indicates that abundance-based ecological studies should be interpreted
with caution, but it has a minor impact on richness-based analyses.

Here, we also determined how UDS and RPS benefit viromic profiling of the four
methods. Because of high efficiency, viromes profiled by both UDS and RPS of MDA
rapidly saturated at the data size of 18 Gb (Fig. 2A). It is of note that the data size was
speculated using rectal samples and can be referenced only in viromic studies of simi-
lar sample types using the same MDA protocol as this study. Since different sample
types (e.g., swabs, sera, and environmental samples) have various virus concentrations
and backgrounds, the data size of saturation may be different and should be inde-
pendently determined. The MTT virome did not saturate with a data size of 40.7 Gb of
UDS and 15 RPS replicates (Fig. 2D), which undoubtedly should be ascribed to the pre-
dominantly bacterial rRNA contamination that results in only ~7.5% of MTT data (i.e.,
~450 Mb per library) that were left for RNA viromic profiling. Considering that the
number of vOTUs captured by UDS exceeded that by RPS at any data size (Fig. 2D),
UDS is recommended in MTT RNA viromic profiling. Furthermore, we noted that with
the increase of data size, the curves of UDS and RPS converge gradually in the MTT
and MTG methods (Fig. 2B and D) and are very close to each other in MDA (Fig. 2A),
but there seems to be a trend to widen the superiority of RPS over UDS in SIA (Fig. 2C).
This is likely due to the high randomness of SIA, which enables RPS to include many
more new sequences by repeated sample processing and sequencing. Generally, UDS
can be an optimal option to improve the viromic profiling in the MDA, MTG, and MTT
methods; plus RPS requires repetition of sample preprocessing and library construc-
tion, which is far more costly than UDS.

In conclusion, this study provides detailed insights into the performances of the
four methods, allowing researchers to choose the appropriate method for different
purposes. MDA and MTT show higher efficiency and sensitivity, as well as broader cov-
erage in DNA and RNA viromic profiling, and thus can be preferentially employed in
richness-based viromic studies. Due to higher tolerance to stochastic errors, MTG and
MTT are the recommended methods for abundance-based analyses, in which use of
genus taxa can ensure technically supported and biologically and/or ecologically
meaningful conclusions. This study also highlights necessary improvements to MTG
and MTT methods in the future: the former needs to tackle host genome contamina-
tion and ameliorate the capacity to profile cssDNA and ssDNA viruses, while the latter
requires an efficient measure to eliminate bacterial rRNA prior to library preparation.

MATERIALS AND METHODS

Virus information and quantitative real-time PCR assays. Five viruses representing different ge-
nome types were cultured in our laboratory: RVA MSLH14, containing 11 segments of dsRNA, was cul-
tured in rhesus monkey kidney Marc145 cells with serum-free Dulbecco’s modified Eagle’s medium
(DMEM; Corning, Manassas, VA) after trypsin treatments (57). A virulent RABV strain SRV9 was cultured in
baby hamster kidney-21 (BHK-21) cells supplemented with 5% fetal bovine serum (FBS; Gibco, Grand
Island, NE) in DMEM. PRV, PPV1, and PCV2 were all cultured in porcine kidney-15 (PK15) cells with 8%
FBS in minimum essential medium (MEM, Corning). All virus cultures were maintained in a cell incubator
with 5% CO, at 37°C. Previously described PCV2 and RABV TagMan reverse transcription (RT)-PCR/PCR
assays were modified or used to detect the two viruses. Primer pairs and probes of PRV, PPV, and RVA
were determined using Premier 5.0. DNA or RNA of 200 ulL virus culture was extracted using RaPure
Viral RNA/DNA kit (MAGEN, Guangzhou, China). Quantitative RT-PCR (qRT-PCR)/quantitative PCR (qPCR)
was performed using TagMan qPCR Mix (Probe gPCR) (Monad, Suzhou, China) in a 20-uL reaction,
including 10 uL gPCR mix, 10 pmol each primer, 5 pmol probe, and 1 uL template. The following PCR
program was used: 40 cycles of 95°C for 15 s and 60°C for 30 s. To generate a standard curve for these
assays, plasmids containing the region of interest were serially 10-fold diluted from 10e+7 to 1 copies/
nL. The samples were processed in a Stratagene Mx3000P PCR machine (Agilent Technologies,
Waldbronn, Germany) with distilled water as a negative control.

Template sample preparation. Our archived rectums of 31 long-tailed marmots (Marmota caudata)
were used to generate template samples, all of which were validated to be negative for the spiking
viruses using above qRT-PCR/qPCR methods. In order to start with the same template, ~0.1 g rectum
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with contents of each animal were cut and combined, prior to homogenization using 3 mL sterile phos-
phate-buffered saline (PBS) solutions spiked with five viruses at a series of concentrations (Fig. S1). After
homogenization, the samples were sequentially subjected to centrifugation at 10,000 x g at 4°C for
5 min and filtration through 0.45-um-pore-size membranes (Millipore, Boston, MA). The filtrates were
immediately subjected to the following pretreatments. The preparation of template samples at each
dilution of viral spikes was triplicated in parallel.

Sample pretreatment and HTS. For the SIA method, our previously published protocol was
adapted in this study (47, 48). Briefly, 260 uL filtrate was subjected to free NA digestion with a mixture
of DNase | and RNase A (TaKaRa, Dalian, China) and viral NA extraction using an RNeasy minikit (Qiagen,
Dusseldorf, Germany). Viral NA was converted into cDNA followed by dscDNA synthesis using barcoded
octamers and then randomly amplified using the defined barcode as primer. The PCR products were
purified with 1 ug used to Illumina pair-end (150 bp) sequencing at an lllumina NovaSeq sequencer. For
the MDA method, after digestion of free NA, viral DNA of 260 uL filtrate was extracted using a DNeasy
blood and tissue kit (Qiagen) and isothermally amplified using an Illustra GenomiPhi V2 DNA amplifica-
tion kit (GE, Fairfield, CT) as per the manufacturer’s manual. Viral DNA was heated to 95°C with sample
buffer for 3 min and then immediately cooled on ice to denature dsDNA. After adding enzyme mix, the
sample was incubated at 30°C for 1.5 h and followed by inactivation at 65°C for 10 min. The purified
products were subjected to HTS in a manner similar to that described above. For MTT, 260 ulL filtrate
was directly subjected to total RNA extraction using TRIzol reagent (Invitrogen, Carlsbad, CA) without a
prior digestion of free NA. Following rRNA depletion using the RiBo-Zero Magnetic Gold kit (Epicentra
Biotechnologies, Madison, WI), the remaining RNA was subjected to RNA-seq using a NEBNext Ultra
directional RNA library prep kit (NEB, Ipswich, MA). For MTG, without a prior digestion of free NA, the
total DNA of 260 wlL filtrate was directly extracted using the phenol and chloroform method and sub-
jected to library preparation using NEBNext Ultra DNA library prep kit for lllumina (NEB) for HTS. About
6 Gb raw data of each library were generated. Due to the low NA concentration of MTG and MTT meth-
ods at viral concentrations of 100 and 10* copies/uL, the HTS library preparation of their three replicates
failed, so we resampled the rectums and repeated the preprocessing.

Data preprocessing and viral metagenomic analysis. All raw reads were quality checked using
FastQC version 0.11.7 and trimmed using Trimmomatic version 0.38, and the resultants were used for
bioinformatics analyses as clean data. The bacterial, archaeal, and fungal contaminations were assessed
using ViromeQC version 1.0 (40). Host genomes were removed from clean data using Bowtie2 version
2.4.1 with the very sensitive end-to-end mode by mapping against the shotgun sequencing assembly of
Marmota himalayana (GenBank accession no. GCA_005280165.1), a close relative to M. caudata (58). The
remaining reads were subjected to a fast taxonomic classification of bacteria, archaea, and fungi using
Kraken2 version 2.0.9b with a custom RefSeg-based database (41). In order to get longer contigs, all
unclassified reads of SIA, MDA, and MTG libraries were mixed together and de novo assembled using
MEGAHIT version 1.1.3 (59), while those of MTT library were coassembled using Trinity version 2.10.0
(60). Contigs of =1 kb were retained for reference-based annotation using BLASTn version 2.7.1 and
DIAMOND version 0.9.25 (61) searches with e-value cutoff of 1e—5 against the GenBank and UniProt vi-
rus divisions. The BLASTn- and DIAMOND-classified sequences were then defined in the final viromic
sequence assemblage if they (i) did not match the false references identified in our refined EVRD-nt and
EVRD-aa reference databases, which are viral genome sequence contaminants related to host genomes,
laboratory components, nonviral organisms, or artifacts (62); (ii) were shared by the two methods with
the same or close taxonomic annotation, and/or (iii) had no significant hits to nonvirus nt and nr data-
bases by BLASTn/x searches (e value = 1e—20 and identity =< 50%) (47).

Evaluation of batch effect. To evaluate the data heterogeneity caused by batch effect, i.e., sample rep-
reparation of MTG and MTT methods, all clean data and the unclassified ones after Kraken2 assignment
were compared using MASH version 2.2 (63). We created sketch files from all data with a sketch size of
10,000 and a K-mer size of 21, excluding singleton K-mers. All-to-all comparisons of the clean and unclassi-
fied data were respectively performed using these sketch files to generate the MASH distances, and then
Ward's minimum variance clustering of these libraries was implemented based on the distance matrix.

Performance assessment. As to assessing the sensitivity and bias of the four methods in virus
detection, reads from each library were aligned against the genomes of the five spiking viruses using
bowtie2, and the coverage and depth were calculated using samtools version 1.10. To assess the rectum
virome of marmots, any contigs of the five spiking viruses were discarded, the remaining contigs were
subjected to species-rank virus grouping, and vOTUs of these contigs were obtained using MMseqs2
clustering with sequence similarity threshold of 0.95 and coverage of target of 0.85 (51, 64). All vOTUs
were annotated using the best BLASTn/x hit against viral nt/nr reference database and clustered into dif-
ferent Baltimore classifications depending on their type of genome (https://viralzone.expasy.org). To
generate a read count table of vOTUs, the reads of each library were normalized to 6 Gb, except the two
SIA libraries at viral concentration of 100 copies/uL that generated only about 2 Gb of data (Data Set
S1), the numbers of reads matching to vOTUs were counted using bowtie2 and samtools version 1.10
with vOTUs having only one read being removed. In addition, these vOTUs were further clustered at the
approximate genus and family levels. Although there is no consensus on the approach and threshold
used in higher taxonomic rank clustering, and classification above the family level requires more signa-
tures than the only sequence similarity matrix (51, 55, 65), Camarillo-Guerrero et al. found that a bound-
ary at the subgenus level of sequences can be achieved at 90% similarity over a 75% aligned fraction
(24), and viruses can be roughly clustered to the family rank with an amino acid (aa) similarity threshold
of 50% (66). We did not aim to precisely cluster these sequences at higher taxonomic ranks but to assess
the stability of relative abundance under different cluster levels and their impacts on the ecological
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analyses. Accordingly, we clustered nucleotide (nt) and aa sequences using MMseqs2 with 80 and 50%
similarity over 70 and 50% coverages for the ranks of genus and family, respectively. The read counts at
the genus and family levels were computed by adding these of their vOTU members, with singletons
being excluded. vOTUs accumulation curves of the MDA, MTG, SIA, and MTT libraries were assessed
using vegan package in the R environment (version 3.6.2) with random method under 10,000 permuta-
tions. To examine the beta diversities between MDA, MTG, SIA and MTT libraries, a Bray-Curtis dissimilar-
ity matrix of the vOTUs table was calculated and subjected to principal coordinate analysis (PCoA).
vOTUs of different Baltimore group were respectively projected onto the ordination of libraries.
Shannon and Simpson diversity indices of each data set for the four methods was deduced using “diver-
sity” function with vOTU table. The CVs of certain indices were calculated by division of standard devia-
tion with mean of the index. To understand the effects of UDS on virus detection and viromic profiling,
one library for each of the four techniques at the viral concentration of 10 gene copies/ulL was selected
to additional sequencing, which eventually generated 47.1, 36.8, 23.3, and 40.7 Gb of data for MDA,
MTG, SIA, and MTT, respectively. UDS data were randomly subsampled to 6 Gb and to its serial folds,
which were independently replicated three times with exception of the last data size. Subsampled data
were subjected to the same analyses as described above.
Availability of data and materials. All sequence reads generated in this study are available in the
NCBI SRA database under BioProject accession no. PRINA750309. The essential codes used to generate
the viromic data and ecological results were the same as that used in our previous study with a minor
adjustment (47). vOTUs in FASTA format are available from the Figshare website at: https://doi.org/10
.6084/m9.figshare.16591670.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
DATA SET S1, XLSX file, 0.02 MB.

DATA SET S2, XLSX file, 7.7 MB.

FIG S1, PDF file, 0.4 MB.

FIG S2, PDF file, 0.5 MB.

FIG S3, PDF file, 0.7 MB.

FIG S4, PDF file, 0.5 MB.

ACKNOWLEDGMENTS
This research was supported by grants 32022083 and 32130104 from the National
Natural Science Foundation of China, grant 2017YFD0500104 from the National Key
Research and Development Program of China, and grant ESP1810 from the Open
Foundation of the Ecological Security and Protection Key Laboratory of Sichuan
Province, Mianyang Normal University. The funders had no role in study design, data
collection and interpretation, or the decision to submit the work for publication.

We declare no conflict of interest.

REFERENCES

1.

Zhang Y-Z, Shi M, Holmes EC. 2018. Using metagenomics to characterize
an expanding virosphere. Cell 172:1168-1172. https://doi.org/10.1016/j
.cell.2018.02.043.

. Mokili JL, Rohwer F, Dutilh BE. 2012. Metagenomics and future perspec-

tives in virus discovery. Curr Opin Virol 2:63-77. https://doi.org/10.1016/j
.coviro.2011.12.004.

. Zhang Y-Z, Chen Y-M, Wang W, Qin X-C, Holmes EC. 2019. Expanding the

RNA virosphere by unbiased metagenomics. Annu Rev Virol 6:119-139.
https://doi.org/10.1146/annurev-virology-092818-015851.

. Shkoporov AN, Hill C. 2019. Bacteriophages of the human gut: the

“Known Unknown” of the microbiome. Cell Host Microbe 25:195-209.
https://doi.org/10.1016/j.chom.2019.01.017.

. Jain R, Rivera MC, Lake JA. 1999. Horizontal gene transfer among

genomes: the complexity hypothesis. Proc Natl Acad Sci U S A 96:
3801-3806. https://doi.org/10.1073/pnas.96.7.3801.

. Carroll D, Daszak P, Wolfe ND, Gao GF, Morel CM, Morzaria S, Pablos-

Méndez A, Tomori O, Mazet JAK. 2018. The global virome project. Science
359:872-874. https://doi.org/10.1126/science.aap7463.

. Liang G, Bushman FD. 2021. The human virome: assembly, composition

and host interactions. Nat Rev Microbiol 19:514-527. https://doi.org/10
.1038/541579-021-00536-5.

. Krupovic M, Dolja WV, Koonin EV. 2020. The LUCA and its complex virome.

Nat Rev Microbiol 18:661-670. https://doi.org/10.1038/541579-020-0408-x.

July/August 2022 Volume 7 lIssue 4

. Davila-Ramos S, Castelan-Sanchez HG, Martinez-Avila L, Sénchez-

Carbente MR, Peralta R, Hernandez-Mendoza A, Dobson ADW, Gonzalez
RA, Pastor N, Batista-Garcia RA. 2019. A review on viral metagenomics in
extreme environments. Front Microbiol 10:2403. https://doi.org/10.3389/
fmicb.2019.02403.

. Rosario K, Breitbart M. 2011. Exploring the viral world through metagenom-

ics. Curr Opin Virol 1:289-297. https://doi.org/10.1016/j.coviro.2011.06.004.

. Chiu CY, Miller SA. 2019. Clinical metagenomics. Nat Rev Genet 20:

341-355. https://doi.org/10.1038/s41576-019-0113-7.

. Kumar A, Murthy S, Kapoor A. 2017. Evolution of selective-sequencing

approaches for virus discovery and virome analysis. Virus Res 239:
172-179. https://doi.org/10.1016/j.virusres.2017.06.005.

. Thurber RV, Haynes M, Breitbart M, Wegley L, Rohwer F. 2009. Laboratory

procedures to generate viral metagenomes. Nat Protoc 4:470-483. https://
doi.org/10.1038/nprot.2009.10.

. Delwart EL. 2007. Viral metagenomics. Rev Med Virol 17:115-131. https://

doi.org/10.1002/rmv.532.

. Breitbart M, Salamon P, Andresen B, Mahaffy JM, Segall AM, Mead D, Azam F,

Rohwer F. 2002. Genomic analysis of uncultured marine viral communities. Proc
Natl Acad Sci U S A 99:14250-14255. https://doi.org/10.1073/pnas.202488399.

. Karlsson OE, Beldk S, Granberg F. 2013. The effect of preprocessing by

sequence-independent, single-primer amplification (SISPA) on metage-
nomic detection of viruses. Biosecur Bioterror 11:5227-5234. https://doi
.0rg/10.1089/bsp.2013.0008.

10.1128/msystems.00430-22 15


https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA750309
https://doi.org/10.6084/m9.figshare.16591670
https://doi.org/10.6084/m9.figshare.16591670
https://doi.org/10.1016/j.cell.2018.02.043
https://doi.org/10.1016/j.cell.2018.02.043
https://doi.org/10.1016/j.coviro.2011.12.004
https://doi.org/10.1016/j.coviro.2011.12.004
https://doi.org/10.1146/annurev-virology-092818-015851
https://doi.org/10.1016/j.chom.2019.01.017
https://doi.org/10.1073/pnas.96.7.3801
https://doi.org/10.1126/science.aap7463
https://doi.org/10.1038/s41579-021-00536-5
https://doi.org/10.1038/s41579-021-00536-5
https://doi.org/10.1038/s41579-020-0408-x
https://doi.org/10.3389/fmicb.2019.02403
https://doi.org/10.3389/fmicb.2019.02403
https://doi.org/10.1016/j.coviro.2011.06.004
https://doi.org/10.1038/s41576-019-0113-7
https://doi.org/10.1016/j.virusres.2017.06.005
https://doi.org/10.1038/nprot.2009.10
https://doi.org/10.1038/nprot.2009.10
https://doi.org/10.1002/rmv.532
https://doi.org/10.1002/rmv.532
https://doi.org/10.1073/pnas.202488399
https://doi.org/10.1089/bsp.2013.0008
https://doi.org/10.1089/bsp.2013.0008
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00430-22

Evaluation of RNA and DNA Viromic Methods

17.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32

33.

34,

Chrzastek K, Lee D-h, Smith D, Sharma P, Suarez DL, Pantin-Jackwood M,
Kapczynski DR. 2017. Use of sequence-independent, single-primer-ampli-
fication (SISPA) for rapid detection, identification, and characterization of
avian RNA viruses. Virology 509:159-166. https://doi.org/10.1016/j.virol
.2017.06.019.

. WuZLulL,DuJ YangL,RenX, LiuB, Jiang J, Yang J, Dong J, Sun L, Zhu Y,

Li Y, Zheng D, Zhang C, Su H, Zheng Y, Zhou H, Zhu G, Li H, Chmura A,
Yang F, Daszak P, Wang J, Liu Q, Jin Q. 2018. Comparative analysis of
rodent and small mammal viromes to better understand the wildlife ori-
gin of emerging infectious diseases. Microbiome 6:178. https://doi.org/10
.1186/540168-018-0554-9.

. Angly FE, Felts B, Breitbart M, Salamon P, Edwards RA, Carlson C, Chan

AM, Haynes M, Kelley S, Liu H, Mahaffy JM, Mueller JE, Nulton J, Olson R,
Parsons R, Rayhawk S, Suttle CA, Rohwer F. 2006. The marine viromes of
four oceanic regions. PLoS Biol 4:e368. https://doi.org/10.1371/journal
.pbio.0040368.

Lopez-Bueno A, Tamames J, Veldzquez D, Moya A, Quesada A, Alcami A.
2009. High diversity of the viral community from an Antarctic lake. Sci-
ence 326:858-861. https://doi.org/10.1126/science.1179287.

Dean FB, Nelson JR, Giesler TL, Lasken RS. 2001. Rapid amplification of
plasmid and phage DNA using Phi29 DNA polymerase and multiply-
primed rolling circle amplification. Genome Res 11:1095-1099. https://
doi.org/10.1101/gr.180501.

Shi M, Lin X-D, Tian J-H, Chen L-J, Chen X, Li C-X, Qin X-C, Li J, Cao J-P,
Eden J-S, Buchmann J, Wang W, Xu J, Holmes EC, Zhang Y-Z. 2016. Rede-
fining the invertebrate RNA virosphere. Nature 540:539-543. https://doi
.org/10.1038/nature20167.

Shi M, Lin X-D, Chen X, Tian J-H, Chen L-J, Li K, Wang W, Eden J-S, Shen J-
J, Liu L, Holmes EC, Zhang Y-Z. 2018. The evolutionary history of verte-
brate RNA viruses. Nature 556:197-202. https://doi.org/10.1038/541586
-018-0012-7.

Camarillo-Guerrero LF, Almeida A, Rangel-Pineros G, Finn RD, Lawley TD.
2021. Massive expansion of human gut bacteriophage diversity. Cell 184:
1098-1109.€9. https://doi.org/10.1016/j.cell.2021.01.029.

Benler S, Yutin N, Antipov D, Rayko M, Shmakov S, Gussow AB, Pevzner P,
Koonin EV. 2021. Thousands of previously unknown phages discovered in
whole-community human gut metagenomes. Microbiome 9:78. https://
doi.org/10.1186/s40168-021-01017-w.

Shi M, Zhang Y-Z, Holmes EC. 2018. Meta-transcriptomics and the evolu-
tionary biology of RNA viruses. Virus Res 243:83-90. https://doi.org/10
.1016/j.virusres.2017.10.016.

Kleiner M, Hooper LV, Duerkop BA. 2015. Evaluation of methods to purify
virus-like particles for metagenomic sequencing of intestinal viromes.
BMC Genomics 16:7. https://doi.org/10.1186/512864-014-1207-4.

Hjelmsa MH, Hellmér M, Fernandez-Cassi X, Timoneda N, Lukjancenko O,
Seidel M, Elsdsser D, Aarestrup FM, Lofstrom C, Bofill-Mas S, Abril JF,
Girones R, Schultz AC. 2017. Evaluation of methods for the concentration
and extraction of viruses from sewage in the context of metagenomic
sequencing. PLoS One 12:¢0170199. https://doi.org/10.1371/journal
.pone.0170199.

Parras-Molté M, Rodriguez-Galet A, Suarez-Rodriguez P, Lépez-Bueno A.
2018. Evaluation of bias induced by viral enrichment and random amplifi-
cation protocols in metagenomic surveys of saliva DNA viruses. Micro-
biome 6:119. https://doi.org/10.1186/540168-018-0507-3.

Li L, Deng X, Mee ET, Collot-Teixeira S, Anderson R, Schepelmann S, Minor
PD, Delwart E. 2015. Comparing viral metagenomics methods using a
highly multiplexed human viral pathogens reagent. J Virol Methods 213:
139-146. https://doi.org/10.1016/j.jviromet.2014.12.002.

Rosseel T, Ozhelvaci O, Freimanis G, Van Borm S. 2015. Evaluation of con-
venient pretreatment protocols for RNA virus metagenomics in serum
and tissue samples. J Virol Methods 222:72-80. https://doi.org/10.1016/j
Jjviromet.2015.05.010.

Conceicao-Neto N, Zeller M, Lefrére H, De Bruyn P, Beller L, Deboutte W,
Yinda CK, Lavigne R, Maes P, Ranst MV, Heylen E, Matthijnssens J. 2015.
Modular approach to customise sample preparation procedures for viral
metagenomics: a reproducible protocol for virome analysis. Sci Rep 5:
16532. https://doi.org/10.1038/srep16532.

Kim K-H, Bae J-W. 2011. Amplification methods bias metagenomic libraries
of uncultured single-stranded and double-stranded DNA viruses. Appl Envi-
ron Microbiol 77:7663-7668. https://doi.org/10.1128/AEM.00289-11.

Kallies R, Holzer M, Brizola Toscan R, Nunes da Rocha U, Anders J, Marz M,
Chatzinotas A. 2019. Evaluation of sequencing library preparation proto-
cols for viral metagenomic analysis from pristine aquifer groundwaters.
Viruses 11:484. https://doi.org/10.3390/v11060484.

July/August 2022 Volume 7 lIssue 4

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

mSystems

Lim ES, Zhou Y, Zhao G, Bauer IK, Droit L, Ndao IM, Warner BB, Tarr PI,
Wang D, Holtz LR. 2015. Early life dynamics of the human gut virome and
bacterial microbiome in infants. Nat Med 21:1228-1234. https://doi.org/
10.1038/nm.3950.

Pascoal F, Costa R, Magalhaes C. 2021. The microbial rare biosphere: cur-
rent concepts, methods and ecological principles. FEMS Microbiol Ecol
97:fiaa227. https://doi.org/10.1093/femsec/fiaa227.

Harvey E, Holmes EC. 2022. Diversity and evolution of the animal virome. Nat
Rev Microbiol 20:321-334. https://doi.org/10.1038/541579-021-00665-X.
Shkoporov AN, Ryan FJ, Draper LA, Forde A, Stockdale SR, Daly KM,
McDonnell SA, Nolan JA, Sutton TDS, Dalmasso M, McCann A, Ross RP,
Hill C. 2018. Reproducible protocols for metagenomic analysis of human
faecal phageomes. Microbiome 6:68. https://doi.org/10.1186/s40168-018
-0446-z.

Sathiamoorthy S, Malott RJ, Gisonni-Lex L, Ng SHS. 2018. Selection and
evaluation of an efficient method for the recovery of viral nucleic acids
from complex biologicals. NPJ Vaccines 3:31. https://doi.org/10.1038/
5s41541-018-0067-3.

Zolfo M, Pinto F, Asnicar F, Manghi P, Tett A, Bushman FD, Segata N. 2019.
Detecting contamination in viromes using ViromeQC. Nat Biotechnol 37:
1408-1412. https://doi.org/10.1038/541587-019-0334-5.

Wood DE, Lu J, Langmead B. 2019. Improved metagenomic analysis with
Kraken2. Genome Biol 20:257. https://doi.org/10.1186/513059-019-1891-0.
Wille M, Eden J-S, Shi M, Klaassen M, Hurt AC, Holmes EC. 2018. Virus-virus
interactions and host ecology are associated with RNA virome structure in
wild birds. Mol Ecol 27:5263-5278. https://doi.org/10.1111/mec.14918.
Clooney AG, Sutton TDS, Shkoporov AN, Holohan RK, Daly KM, O'Regan
O, Ryan FJ, Draper LA, Plevy SE, Ross RP, Hill C. 2019. Whole-virome analy-
sis sheds light on viral dark matter in inflammatory bowel disease. Cell
Host Microbe 26:764-778. https://doi.org/10.1016/j.chom.2019.10.009.
Gregory AC, Zablocki O, Zayed AA, Howell A, Bolduc B, Sullivan MB. 2020.
The gut virome database reveals age-dependent patterns of virome di-
versity in the human gut. Cell Host Microbe 28:724-740. https://doi.org/
10.1016/j.chom.2020.08.003.

Krishnamurthy SR, Wang D. 2017. Origins and challenges of viral dark matter.
Virus Res 239:136-142. https://doi.org/10.1016/j.virusres.2017.02.002.

Stern J, Miller G, Li X, Saxena D. 2019. Virome and bacteriome: two sides
of the same coin. Curr Opin Virol 37:37-43. https://doi.org/10.1016/j
.coviro.2019.05.007.

He B, Gong W, Yan X, Zhao Z, Yang L, Tan Z, Xu L, Zhu A, Zhang J, Rao J,
Yu X, Jiang J, Lu Z, Zhang Y, Wu J, Li Y, Shi Y, Jiang Q, Chen X, Tu C. 2021.
Viral metagenome-based precision surveillance of pig population at large
scale reveals viromic signatures of sample types and influence of farming
management on pig virome. mSystems 6:¢00420-21. https://doi.org/10
.1128/mSystems.00420-21.

He B, Li Z, Yang F, Zheng J, Feng Y, Guo H, Li Y, Wang Y, Su N, Zhang F,
Fan Q, Tu C. 2013. Virome profiling of bats from Myanmar by metage-
nomic analysis of tissue samples reveals more novel mammalian viruses.
PLoS One 8:61950. https://doi.org/10.1371/journal.pone.0061950.

Das D, Georgiadis MM. 2004. The crystal structure of the monomeric
reverse transcriptase from Moloney murine leukemia virus. Structure 12:
819-829. https://doi.org/10.1016/j.5tr.2004.02.032.

Zayed AA, Wainaina JM, Dominguez-Huerta G, Pelletier E, Guo J, Mohssen
M, Tian F, Pratama AA, Bolduc B, Zablocki O, Cronin D, Solden L, Delage E,
Alberti A, Aury J-M, Carradec Q, da Silva C, Labadie K, Poulain J,
Ruscheweyh H-J, Salazar G, Shatoff E, Bundschuh R, Fredrick K, Kubatko
LS, Chaffron S, Culley Al, Sunagawa S, Kuhn JH, Wincker P, Sullivan MB,
Acinas SG, Babin M, Bork P, Boss E, Bowler C, Cochrane G, de Vargas C,
Gorsky G, Guidi L, Grimsley N, Hingamp P, ludicone D, Jaillon O, Kandels
S, Karp-Boss L, Karsenti E, Not F, Ogata H, Poulton N, Tara Oceans Coordi-
nators, et al. 2022. Cryptic and abundant marine viruses at the evolution-
ary origins of Earth’s RNA virome. Science 376:156-162. https://doi.org/10
.1126/science.abm5847.

Roux S, Adriaenssens EM, Dutilh BE, Koonin EV, Kropinski AM, Krupovic M,
Kuhn JH, Lavigne R, Brister JR, Varsani A, Amid C, Aziz RK, Bordenstein SR,
Bork P, Breitbart M, Cochrane GR, Daly RA, Desnues C, Duhaime MB,
Emerson JB, Enault F, Fuhrman JA, Hingamp P, Hugenholtz P, Hurwitz BL,
Ivanova NN, Labonté JM, Lee K-B, Malmstrom RR, Martinez-Garcia M,
Mizrachi IK, Ogata H, Pdez-Espino D, Petit M-A, Putonti C, Rattei T, Reyes
A, Rodriguez-Valera F, Rosario K, Schriml L, Schulz F, Steward GF, Sullivan
MB, Sunagawa S, Suttle CA, Temperton B, Tringe SG, Thurber RV, Webster
NS, Whiteson KL, et al. 2019. Minimum information about an uncultivated
virus genome (MIUViG). Nat Biotechnol 37:29-37. https://doi.org/10
.1038/nbt.4306.

10.1128/msystems.00430-22 16


https://doi.org/10.1016/j.virol.2017.06.019
https://doi.org/10.1016/j.virol.2017.06.019
https://doi.org/10.1186/s40168-018-0554-9
https://doi.org/10.1186/s40168-018-0554-9
https://doi.org/10.1371/journal.pbio.0040368
https://doi.org/10.1371/journal.pbio.0040368
https://doi.org/10.1126/science.1179287
https://doi.org/10.1101/gr.180501
https://doi.org/10.1101/gr.180501
https://doi.org/10.1038/nature20167
https://doi.org/10.1038/nature20167
https://doi.org/10.1038/s41586-018-0012-7
https://doi.org/10.1038/s41586-018-0012-7
https://doi.org/10.1016/j.cell.2021.01.029
https://doi.org/10.1186/s40168-021-01017-w
https://doi.org/10.1186/s40168-021-01017-w
https://doi.org/10.1016/j.virusres.2017.10.016
https://doi.org/10.1016/j.virusres.2017.10.016
https://doi.org/10.1186/s12864-014-1207-4
https://doi.org/10.1371/journal.pone.0170199
https://doi.org/10.1371/journal.pone.0170199
https://doi.org/10.1186/s40168-018-0507-3
https://doi.org/10.1016/j.jviromet.2014.12.002
https://doi.org/10.1016/j.jviromet.2015.05.010
https://doi.org/10.1016/j.jviromet.2015.05.010
https://doi.org/10.1038/srep16532
https://doi.org/10.1128/AEM.00289-11
https://doi.org/10.3390/v11060484
https://doi.org/10.1038/nm.3950
https://doi.org/10.1038/nm.3950
https://doi.org/10.1093/femsec/fiaa227
https://doi.org/10.1038/s41579-021-00665-x
https://doi.org/10.1186/s40168-018-0446-z
https://doi.org/10.1186/s40168-018-0446-z
https://doi.org/10.1038/s41541-018-0067-3
https://doi.org/10.1038/s41541-018-0067-3
https://doi.org/10.1038/s41587-019-0334-5
https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.1111/mec.14918
https://doi.org/10.1016/j.chom.2019.10.009
https://doi.org/10.1016/j.chom.2020.08.003
https://doi.org/10.1016/j.chom.2020.08.003
https://doi.org/10.1016/j.virusres.2017.02.002
https://doi.org/10.1016/j.coviro.2019.05.007
https://doi.org/10.1016/j.coviro.2019.05.007
https://doi.org/10.1128/mSystems.00420-21
https://doi.org/10.1128/mSystems.00420-21
https://doi.org/10.1371/journal.pone.0061950
https://doi.org/10.1016/j.str.2004.02.032
https://doi.org/10.1126/science.abm5847
https://doi.org/10.1126/science.abm5847
https://doi.org/10.1038/nbt.4306
https://doi.org/10.1038/nbt.4306
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00430-22

Evaluation of RNA and DNA Viromic Methods

52.

53.

54,

55.

56.

57.

58.

Larkin AA, Blinebry SK, Howes C, Lin Y, Loftus SE, Schmaus CA, Zinser ER,
Johnson ZI. 2016. Niche partitioning and biogeography of high light
adapted Prochlorococcus across taxonomic ranks in the North Pacific.
ISME J 10:1555-1567. https://doi.org/10.1038/ismej.2015.244.
International Committee on Taxonomy of Viruses. 2022. ICTV master spei-
ces list 2021. https://talk.ictvonline.org/taxonomy.

Bin Jang H, Bolduc B, Zablocki O, Kuhn JH, Roux S, Adriaenssens EM,
Brister JR, Kropinski AM, Krupovic M, Lavigne R, Turner D, Sullivan MB.
2019. Taxonomic assignment of uncultivated prokaryotic virus genomes
is enabled by gene-sharing networks. Nat Biotechnol 37:632-639. https://
doi.org/10.1038/s41587-019-0100-8.

Aiewsakun P, Simmonds P. 2018. The genomic underpinnings of eukaryo-
tic virus taxonomy: creating a sequence-based framework for family-level
virus classification. Microbiome 6:38. https://doi.org/10.1186/540168-018
-0422-7.

Zhang C-Z, Adalsteinsson VA, Francis J, Cornils H, Jung J, Maire C, Ligon
KL, Meyerson M, Love JC. 2015. Calibrating genomic and allelic coverage
bias in single-cell sequencing. Nat Commun 6:6822. https://doi.org/10
.1038/ncomms7822.

He B, Yang F, Yang W, Zhang Y, Feng Y, Zhou J, Xie J, Feng Y, Bao X, Guo
H, Li Y, Xia L, Li N, Matthijnssens J, Zhang H, Tu C. 2013. Characterization
of a novel G3P[3] rotavirus isolated from a lesser horseshoe bat: a distant
relative of feline/canine rotaviruses. J Virol 87:12357-12366. https://doi
.org/10.1128/JV1.02013-13.

Bai L, Liu B, Ji C, Zhao S, Liu S, Wang R, Wang W, Yao P, Li X, Fu X, Yu H, Liu
M, Han F, Guan N, Liu H, Liu D, Tao Y, Wang Z, Yan S, Florant G, Butcher
MT, Zhang J, Zheng H, Fan J, Engi L. 2019. Hypoxic and cold adaptation
insights from the Himalayan marmot genome. iScience 11:519-530.
https://doi.org/10.1016/j.isci.2018.11.034.

July/August 2022 Volume 7 lIssue 4

59.

60.

61.

62.

63.

64.

65.

66.

mSystems

Li D, Liu C-M, Luo R, Sadakane K, Lam T-W. 2015. MEGAHIT: an ultra-fast
single-node solution for large and complex metagenomics assembly via
succinct de Bruijn graph. Bioinformatics 31:1674-1676. https://doi.org/10
.1093/bioinformatics/btv033.

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit |,
Adiconis X, Fan L, Raychowdhury R, Zeng Q, Chen Z, Mauceli E, Hacohen
N, Gnirke A, Rhind N, di Palma F, Birren BW, Nusbaum C, Lindblad-Toh K,
Friedman N, Regev A. 2011. Full-length transcriptome assembly from
RNA-Seq data without a reference genome. Nat Biotechnol 29:644-652.
https://doi.org/10.1038/nbt.1883.

Buchfink B, Xie C, Huson DH. 2015. Fast and sensitive protein alignment
using DIAMOND. Nat Methods 12:59-60. https://doi.org/10.1038/nmeth
3176.

Chen J, Yan X, Sun Y, Ren Z, Yan G, Wang G, Liu Y, Zhao Z, Liu Y, Tu C, He
B. 2022. De-heterogeneity of the eukaryotic viral reference database
(EVRD) improves the accuracy and efficiency of viromic analysis. bioRxiv
https://doi.org/10.1101/2022.03.03.482774.

Ondov BD, Treangen TJ, Melsted P, Mallonee AB, Bergman NH, Koren S,
Phillippy AM. 2016. MASH: fast genome and metagenome distance esti-
mation using MinHash. Genome Biol 17:132. https://doi.org/10.1186/
$13059-016-0997-x.

Steinegger M, Soding J. 2017. MMseqs2 enables sensitive protein
sequence searching for the analysis of massive data sets. Nat Biotechnol
35:1026-1028. https://doi.org/10.1038/nbt.3988.

Meier-Kolthoff JP, Goker M. 2017. VICTOR: genome-based phylogeny and
classification of prokaryotic viruses. Bioinformatics 33:3396-3404. https://
doi.org/10.1093/bioinformatics/btx440.

Wolf YI, Kazlauskas D, Iranzo J, Lucia-Sanz A, Kuhn JH, Krupovic M, Dolja
VWV, Koonin EV. 2018. Origins and evolution of the global RNA virome.
mBio 9:€02329-18. https://doi.org/10.1128/mBio.02329-18.

10.1128/msystems.00430-22 17


https://doi.org/10.1038/ismej.2015.244
https://talk.ictvonline.org/taxonomy
https://doi.org/10.1038/s41587-019-0100-8
https://doi.org/10.1038/s41587-019-0100-8
https://doi.org/10.1186/s40168-018-0422-7
https://doi.org/10.1186/s40168-018-0422-7
https://doi.org/10.1038/ncomms7822
https://doi.org/10.1038/ncomms7822
https://doi.org/10.1128/JVI.02013-13
https://doi.org/10.1128/JVI.02013-13
https://doi.org/10.1016/j.isci.2018.11.034
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1101/2022.03.03.482774
https://doi.org/10.1186/s13059-016-0997-x
https://doi.org/10.1186/s13059-016-0997-x
https://doi.org/10.1038/nbt.3988
https://doi.org/10.1093/bioinformatics/btx440
https://doi.org/10.1093/bioinformatics/btx440
https://doi.org/10.1128/mBio.02329-18
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00430-22

	RESULTS
	Host and bacterial genome contamination.
	Batch effects of MTG and MTT.
	Preferences of the four techniques to capture viromes of different genome types.
	Relative abundance variation of taxa over viromic methods and taxonomic ranks.
	Bias assessment of the four methods using spiking viruses.
	Sensitivity comparison.
	Comparison of viromes profiled by ultradeep sequencing and replicated sequencing.

	DISCUSSION
	MATERIALS AND METHODS
	Virus information and quantitative real-time PCR assays.
	Template sample preparation.
	Sample pretreatment and HTS.
	Data preprocessing and viral metagenomic analysis.
	Evaluation of batch effect.
	Performance assessment.
	Availability of data and materials.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

