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Metagenomics-driven Virome: Current Proceduresand New Additions
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Abstract | Next generation sequencing (NGS) opened up a plethora of new research possibilities in biology
and medicine. Metagenomics is one of these emerging NGS applications and ofters the opportunity to study
i.e. whole ecosystems. Basically, the metagenomics approach is similar to well-known shotgun-sequencing,
though on a much bigger scale. For instance, the metagenome of a lake would include all the fish, ducks,
plants, fungi, bacteria and everything else that belongs to the lake. If we apply this approach to clinical samples
we can identify the community of etiological pathogens, without any knowledge on the targets in advance.
However, clinical specimens usually comprise an overwhelming amount of host nucleic acids, which by far
exceeds the number of pathogen nucleic acids in the sample. Subsequently, it is necessary to either decrease
the amount of host nucleic acids or increase the amount of pathogen nucleic acids, to allow for detection
via metagenomic NGS. This minireview is revising our developed TUViD-VM protocol and selected other
approaches regarding their suitability in metagenomics. We provide an overview on the difficulties, challenges
and opportunities that developed alongside metagenomic virus discovery. The field of metagenomics from
clinical specimens promises the identification of novel, yet unknown, infectious diseases and etiologies.
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Metagenome vs. Virus Discovery

en talking about metagenomics we usually

think about the analysis of microbial commu-

nities in a selected environment, like bacteria in soil
or in the human gut. The term ‘metagenome’ is built
from meta-analysis (the statistical approach to nor-
malize quantifiably data from differing sources) and
genome (the total genetic material of an organism).
'The metagenome-based approach promises to repre-
sent quantifiably the ratios of different phyla within a
selected group, which could be compared to the ratios
of phyla within another group (e.g. microbial commu-
nities in the sediments of two different lakes). Subse-
quently,itaims at comparing quantifiably,by definition,

spatial or ecologically differing habitats: for instance
the comparison of different saline water habitats re-
garding microbial diversity (Siddhapura et al., 2010).
The beauty of this methodology, especially if com-
bined with next generation sequencing (NGS), was
quickly also recognized by microbe hunters around
the world (Bibby, 2013; Carrington, 2012; Edwards
and Rohwer, 2005; Forde and O’Toole, 2013; Fricke
et al., 2009; Radford et al., 2012; Simon and Dan-
iel, 2011; Svraka et al., 2010; Tang and Chiu, 2010;
Thurber et al., 2009; Wooley et al., 2010). Unlike
most other hunting techniques, a metagenome does
not require any knowledge about the prey in advance.
For bacterial metagenomics, 16S rRNA amplicon
sequencing opened up a new field in functional and
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ecological microbe detection and analysis (Fierer et
al., 2010; Qin et al., 2010).

In contrast, when aiming at virus discovery, the
metagenome approach is not equally auspicious.
Comparing bacteria and viruses, we find significant
differences that can constitute drawbacks for virus de-
tection:

* Viruses are much smaller than bacteria and
replicate within the host cells; separation of
viruses from their host cells is therefore much
harder.

* Viruses do not share a common feature, like
16S rRNA or a similar region that could be am-
plified with ‘Pan-virus primers’.

* Virus genomes are much smaller than bacteri-
al genomes — smaller genomes = less fragments
in NGS preparation and detection is less likely.

Subsequently, applying metagenomics to virus detec-
tion requires taking a small step back from the initial
idea of metagenomics. The wvirome (an approach only
looking for viruses using metagenomic protocols) is
therefore a smaller and more limited version of a rea/
metagenome.

About ratios

The chances of detecting viruses by metagenomic
NGS approaches rise and fall with the ratio between
the nucleic acid of a virus and the background in a
given sample. To stay with the hunting example: if
we are looking for five rabbits in a deep forest full
of other game it is nearly impossible to track them,
whereas five rabbits in the open field are easy to find.
Metagenomic NGS does not distinguish between
interesting and uninteresting nucleic acids, thus the
sequencing result will always depend on the ratio of
interesting to uninteresting sequences in the sample.
'The advantage of this technique is at the same time its
disadvantage: Every sequence present in the sample
will be sequenced simultaneously. Here one needs to
take into consideration that the amount of host-nu-
cleic acids far exceeds the amount of virus-nucleic
acids per cell. A single human cell contains numer-
ous amounts of nucleic acids: 3.27x10° bp of genomic
DNA and a plethora of different RNA species (Ven-
ter et al., 2001). If the same cell is infected with a virus
the viral nucleic acids usually contribute less than one
per mill to the total amount of nucleic acid. Moreover,

viruses replicate to varying yields in different tissues,
which may lead to even less viral nucleic acids when
investigating a non-optimal tissue. Finally, there are
two obvious solutions to get more sequence informa-
tion of interest:

1. Increase the amount of interesting sequence
information (e.g. virus propagation in cell cul-
ture).

2. Decrease the amount of uninteresting se-
quence information

Nowadays, various NGS approaches already pro-
vide reliable solutions for the first option (Kohl et
al., 2012a, 2012b; Radoni¢ et al., 2014; Svraka et al.,
2010), but when it comes to clinical specimens like
blood, fluids or even infected organ tissue, the suc-
cessful detection of viruses is possible, but much less
likely, and it is necessary to think about the second
option. Using tissue for virus detection allows for the
elucidation of viral infections directly at the site of vi-
ral replication. This, in turn, allows for the instant cor-
relation of physiological host effects (phenotype) with
the causing viral agent (genozype). Clinical specimens
other than tissue are mainly host excretions (e.g. urine
or blood), and their viral load is therefore dependent
on transportation fluids and often less concentrated.
The availability of viruses in infected organ tissue is
less dependent on stages and cycles of replication,
viremia and shedding, respectively. Even though the
detection of viruses directly from infected organ tissue
offers obvious and valuable advantages, only few stud-
ies have used this approach. On the other hand, organ
tissue is usually not easily available or requires invasive
techniques, beside the crucial question of picking the
right organ. Reliable virus purification from tissue re-
mains a challenge.

Indeed, bioinformatic pathogen analysis pipelines are
available and are promising rapid and reliable identi-
fication. However, the ratio of viruses to host-genome
is still critical. A bad ratio requires a great sequencing
depth to be able to identify enough sequences of in-
terest: this is time and cost consuming. The compari-
son of different analysis pipelines is complicated and
depends on the respective research question (Baker et
al., 2013, Naccache et al., 2014).

Protocols

Researchers have published protocols for sequencing
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of virus particles from different sources (i.e. soil, blood,
tissue, plants and liquids) (Alavandi and Poornima,
2012; Culley et al., 2006; Djikeng et al., 2009; Ra-
donié et al., 2014; Sachsenrdder et al., 2012; Tang and
Chiu, 2010; Thurber et al., 2009; Whon et al., 2012;
Winget and Wommack, 2008). Whichever protocol
is used, it is of major importance that the sample is as
native as possible or deeply frozen until preparation
and that the viral capsids or nucleocapsids are still in-
tact to allow for a successful separation. The general
purification procedure for clinical tissue specimens is
summarized here:

'The first step of purification is the disruption of the
tissue/cells or aggregates for the release of viral par-
ticles; some protocols use bead mills or vortexes and
others use shredder kits (Donaldson et al., 2010; Ge et
al.,2012; Li et al., 2010; Miranda and Miranda, 2011;
Phillips et al., 2012; Victoria et al., 2009). However,
host-nucleic acids, proteins and cell organelles will
be released simultaneously, and a strategy is necessary
to enrich viral particles preferably, while decreasing
the host genome. The mechanical methods of choice
are ultra-centrifugation, filtration and tangential flow
(Kohl et al., 2012b; Potgieter et al., 2009; Sachsen-
roder et al., 2012; Victoria et al., 2009). These three
methods again have numerous variations, like using
sucrose or caesium chloride for ultra-centrifugation,
filter size and speed of tangential flow. Often the
host-genome is decreased additionally by enzymatic
digestion (Donaldson et al., 2010; Li et al., 2010; Vic-
toria et al., 2009). The viral nucleic acids are protected
in the capsid, and only the surrounding uninteresting
host sequences are digested. In the majority DNase
treatment is performed, sometimes also RNase and
Benzonase are utilized.

At this stage, the sample is ready for RNA and DNA
extraction. Various protocols describe several success-
ful methods for extraction of nucleic acids, ranging
from classical phenol-chloroform to high-throughput
kits. Following extraction, the viral nucleic acids may
need to be generically amplified to increase the detect-
ability. Published protocols often use the K-primers,
DOP, commercial kits or other random techniques to
amplify viral nucleic acids (Cheval et al., 2011; Nan-
da et al., 2008; Stang and Korn, 2005; Telenius et al.,
1992; Uhlenhaut et al., 2009).

'The published protocols are successful in detecting
particular viruses. When we looked for a general pro-

tocol for virus purification we found it hard to com-
pare all the different approaches. This has been the
reason for the development of the TUViD-VM pro-
tocol (Kohl et al., 2015).

TUViD-VM

To develop the TUViD-VM protocol, every single
purification step was compared to a set of commonly
used purification methods and was further evaluated
in order to result in maximum likelihood virus de-
tection for four different model viruses (Kohl et al.,
2015). First we designed a comparable tissue mod-
el based on internal organs of chicken, each infected
with one out of four viruses at low concentrations.
‘These viruses were chosen based on their significance
in the context of emerging zoonotic diseases and on
their morphological and molecular heterogeneity to
obtain results for a broad range of viruses. This final
protocol was validated and adjusted until minimal host
nucleic acids were detected by gPCR while maximis-
ing the amount of the viral nucleic acids amplified.
We finally validated the protocol by next generation
sequencing and confirmed the qPCR results. We ap-
plied TUViD-VM to a clinical sample and confirmed
our findings again. In the end, we reduced the forest
and made the rabbits detectable.

The TUViD-VM publication is of interest for re-
searchers looking for a straightforward protocol for
viral metagenomics from tissue samples and for those
interested in performance of the single purification
methods used and their effects on the detectability of
different viruses. The protocol was developed with a
panel of four defined viruses for which it worked well.
It is possible that the protocol is therefore slightly
biased toward the detection of these virus types (re-
ovirus, paramyxovirus, poxvirus, influenza virus), al-
though we have chosen viruses that were as different
as possible regarding e.g. capsid structure, genome
orientation, sensitivity and density. For each set of
purification methods (e.g., homogenization) the re-
sults are displayed for all tested approaches and virus-
es (Kohl et al., 2015). The presented methodology is
also of benefit for researchers just looking for a simple
technique not restricted to particular virus detection —
as for virome studies or outbreak investigations where
knowledge of the viruses is not available in advance.
However, the purification of viruses from tissue using
TUViD-VM represents only the first, albeit impor-

tant, step of virus identification. The second step, the
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bioinformatic identification, is at least as crucial as the
purification itself.

For a perspective ahead we may go back to the metage-
nome approach from the very beginning. If we want
to draw spatial and ecological conclusions also from
our virome samples we need to reestablish compara-
ble conditions. The difficulty here is that viruses need
to be purified for their sole detection whereas bacte-
ria can be detected straight away. Purification shifts
the ratios of detectable nucleic acids. To use the same
tor ecological virome approaches would allow adding
more meaning to virus-hunting and virome studies
could be lifted to the next level.
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