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Viral Metagenomics on Cerebrospinal Fluid
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Abstract: Identifying the causative pathogen in central nervous system (CNS) infections is crucial for
patient management and prognosis. Many viruses can cause CNS infections, yet screening for each
individually is costly and time-consuming. Most metagenomic assays can theoretically detect all
pathogens, but often fail to detect viruses because of their small genome and low viral load. Viral
metagenomics overcomes this by enrichment of the viral genomic content in a sample. VIDISCA-NGS
is one of the available workflows for viral metagenomics, which requires only a small input volume
and allows multiplexing of multiple samples per run. The performance of VIDISCA-NGS was tested
on 45 cerebrospinal fluid (CSF) samples from patients with suspected CNS infections in which a virus
was identified and quantified by polymerase chain reaction. Eighteen were positive for an RNA
virus, and 34 for a herpesvirus. VIDISCA-NGS detected all RNA viruses with a viral load >2 x 10*
RNA copies/mL (n = 6) and 8 of 12 of the remaining low load samples. Only one herpesvirus was
identified by VIDISCA-NGS, however, when withholding a DNase treatment, 11 of 18 samples with a
herpesvirus load >10* DNA copies/mL were detected. Our results indicate that VIDISCA-NGS has
the capacity to detect low load RNA viruses in CSF. Herpesvirus DNA in clinical samples is probably
non-encapsidated and therefore difficult to detect by VIDISCA-NGS.

Keywords: metagenomics; viromics; metaviromics; virus; CNS infection; cerebrospinal fluid;
next-generation sequencing; VIDISCA-NGS; encephalitis

1. Introduction

For patients with a suspected central nervous system (CNS) infection, rapid and accurate diagnosis
is vital to determine treatment and improve prognosis [1]. The differential diagnosis of such patients
includes infectious etiologies, of which viruses are the most common [2], but also non-infectious
etiologies, such as auto-immune diseases [3]. Nonetheless, in more than half of cases, the cause
remains unknown [4]. Identification of a virus can aid in patient management as it may initiate specific
antiviral treatment, or cease or prevent ineffective antiviral, antibiotic, and/or immunosuppressive
treatments, which all have potential harmful side effects. For example, when differentiating between
an auto-immune and viral origin, immune suppression could lead to deleterious outcomes when
caused by an unidentified virus [5].

During the last two decades, conventional diagnostics for viral CNS infections have shifted from
non-specific culturing techniques towards highly-specific viral nucleic acid amplification tests, like

Genes 2019, 10, 332; doi:10.3390/genes10050332 www.mdpi.com/journal/genes


http://www.mdpi.com/journal/genes
http://www.mdpi.com
https://orcid.org/0000-0001-9264-5874
https://orcid.org/0000-0002-1085-2093
http://dx.doi.org/10.3390/genes10050332
http://www.mdpi.com/journal/genes
https://www.mdpi.com/2073-4425/10/5/332?type=check_update&version=2

Genes 2019, 10, 332 20f12

quantitative polymerase chain reaction (qQPCR), or the detection of host-mediated antibody production
to the virus (e.g., ELISA). Although these latter assays have greatly increased diagnostic sensitivity, a
limitation is that they only target an individual virus or a subset of related viruses. The number of
viruses that have been associated with CNS infections currently comprises more than 100 [6], with
several more discovered in the last decade [7-10]. Consequently, a comprehensive diagnostic panel
would include many specific tests. Since this is unachievable for routine diagnostics, only a small
selection of viruses commonly associated with CNS infections are included in most diagnostic panels
(e.g., herpes simplex virus 1/2, enteroviruses, and parechoviruses). Other pathogens are usually not
examined, or are tested for at a later stage of the disease, by which time irreversible pathology could
have occurred.

Metagenomics is a recent and promising development in microbiology, which is theoretically
able to detect all viruses, including known, unexpected, and novel species [5]. The sensitivity of
such assays is generally determined by three factors: (1) The concentration of viruses in a clinical
sample, (2) the amount of background (competing) RNA and DNA, and (3) the sequencing depth.
Generally, metagenomics assays are poor or unable to detect viruses in a clinical specimen because
of the low viral load relative to the high concentration of background RNA and DNA. To overcome
this, viral metagenomic assays enrich the viral content of a sample. Virus discovery cDNA-AFLP
(amplified fragment length polymorphism) next-generation sequencing (VIDISCA-NGS) is one of
the available assays for viral metagenomics. Characteristic for VIDISCA-NGS is the fragmentation
of ds(c)DNA, which is done using a frequent-cutting restriction enzyme, and thus different from
the random shearing, random PCR amplification, or transposon-based shearing techniques used in
most viral metagenomic assays [11,12]. The method was first described with the discovery of human
coronavirus NL63 [13], and since has discovered and detected a wide range of viruses in various
sample types [14-18]. VIDISCA-NGS could be an ideal tool for the broad range detection of viruses in
cerebrospinal fluid (CSF).

CSF is a distinct bodily fluid containing a relatively low number of host cells. Even with mild
pleiocytosis, as seen during most viral CNS infections, CSF has a far lower cellular content than a
similar volume of blood, respiratory, or fecal material. This low amount of background could influence
NGS results in two ways: (1) It may decrease the nucleic acid extraction yield if the total nucleic
acid content is too low, or (2) it may be beneficial, as proportionally less sequence space is taken by
competing background RNA or DNA. Considering the potential benefit viral metagenomics may have
for future viral diagnostics in encephalitis, we determined the capability of VIDISCA-NGS to detect
viruses in CSF samples from patients with suspected CNS infections.

2. Materials and Methods

CSF samples which previously tested positive by viral qPCR were selected from two biobanks
of the departments of medical microbiology and neurology of the Amsterdam UMC (location AMC).
An HIV-1 qPCR was performed using the RealTime HIV-1 Viral Load Assay (Abbott Molecular,
Abbott Park, IL, USA), the other viruses were tested by in-house qPCRs using previously published
methods [19]. The first sample set consisted of anonymized leftover CSF samples (n = 27), sent in
from patients with suspected CNS infection. The second set of CSF samples (n = 18) were selected
from a clinical study on the etiology of encephalitis and meningitis in adult patients [2]. The study
was approved by the medical ethics committee of the Academic Medical Centre, Amsterdam, The
Netherlands (reference number 2014_290). All samples had a quantifiable viral load and were stored at
—80 °C until library preparation for VIDISCA-NGS.

VIDISCA library preparation was performed as previously described [9,17]. Briefly, CSF
samples were centrifuged and the supernatant was treated with TURBO™ DNase (Thermo Fisher
Scientific, Waltham, MA, USA) to remove naked chromosomal or bacterial DNA. Nucleic acids were
extracted using the Boom method [20], followed by reverse transcription with non-ribosomal random
hexamers [21] and second strand synthesis. DNA was digested with Msel (T"TAA; New England
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Biolabs, Ipswich, MA, USA) and ligated to adapters containing a sample identifier sequence. During
the fragmentation in VIDISCA, the sample cannot be “over-digested” as fragmentation relies entirely
on the presence of restriction enzyme recognition sites and not on the duration of fragmentation.
Ligation to adaptors leads to loss of the restriction enzyme recognition site (after ligation to an adaptor
the sequence is TTAT) whereas ligation to another DNA fragment will restore it, allowing re-digestion.
Next, size selection with AMPure XP beads (Beckman Coulter, Brea, CA, USA) was performed to
remove small DNA fragments prior to a 28-cycle PCR using adaptor-annealing primers. Small and
large size selection was performed with AMPure XP beads to select DNA-strands with a length ranging
between 100 and 400 nucleotides. Libraries were analyzed using the Bioanalyzer (High Sensitivity Kit,
Agilent Genomics, Santa Clara, CA, USA) and Qubit (dsDNA HS Assay Kit, Thermo Fisher Scientific)
instruments to quantify DNA length and concentration, respectively. Seventy sample libraries were
pooled at the equimolar concentration. The current number of 70 samples was chosen because this
has worked for other sample types (non-CSF) [16,17]. In total, 50 pmol DNA of the pool was clonally
amplified on beads using the Ion Chef System (Thermo Fisher Scientific) and sequencing was performed
on the Ion PGM™ System (Thermo Fisher Scientific) with the ION 316 Chip (400 bp read length and
2 million sequences per run). The method for the DNase-free VIDISCA library preparation omitted the
TURBO™ DNase step.

All VIDISCA-NGS reads with a minimum length of 45 nucleotides were translated into protein
sequences and aligned to a local database of the NCBI eukaryotic viral Identical Protein Groups
(downloaded March 2018) using UBLAST [22], the VIDISCA bioinformatics workflow [23], and
an online metagenomic profiler (Taxonomer) [24] for identification of probable viral reads and
background sequence classification. Probable viral reads were subsequently confirmed when the
original VIDISCA-NGS read could be aligned to a reference sequence of the virus with a nucleotide
identity of at least 80% using CodonCode Aligner (version 6.0.2). Each alignment was manually
inspected for confirmation. Samples were considered VIDISCA-NGS positive when at least one
VIDISCA-NGS read could be identified. The number of reads aligned to a reference sequence in
CodonCode Aligner was taken as the number of viral reads per sample. Analysis by VIDISCA-NGS
was performed blind to qPCR results to avoid biased analysis. All statistical analyses were performed
in R (version 3.5.1), and graphs were plotted using R package ggplot2 (version 3.1.0).

3. Results

3.1. Sample Description and qPCR Results

Forty-five CSF samples from patients with a suspected CNS infection were examined. Samples
had been tested by routine diagnostic for enterovirus, human immunodeficiency virus 1 (HIV-1, in
case the patients were HIV-1 seropositive), parechovirus, and herpesviruses (herpes simplex virus
1 and 2 (HSV-1/2), varicella-zoster virus (VZV), Epstein-Barr virus (EBV), cytomegalovirus (CMV), and
human herpesvirus 7 (HHV-7). The CSF samples contained either a single virus (n = 36) or multiple
viruses (n = 9), and tested positive for HIV-1 (n = 10), enterovirus (n = 8), HSV-1/2 (n = 14), VZV (n = 8),
EBV (n =12), CMV (n = 2), and HHV-7 (n = 2). All details concerning the qPCR-results, viral loads,
total sequence reads obtained via VIDISCA-NGS, and number of viral sequences are available in the
Supplementary Table S1.

3.2. RNA Virus Detection by VIDISCA-NGS

Six samples were positive for enterovirus and eight for HIV-1 by VIDISCA-NGS, all of which
were also qPCR positive (Figure 1). The RNA virus concentration in the VIDISCA-NGS positive
samples ranged between 1.07 x 102 RNA copies/mL and 8.64 x 10° RNA copies/mL (median: 8.63 x 10°
RNA copies/mL). Two samples positive for enterovirus and two for HIV-1 by qPCR were missed
by VIDISCA-NGS, with viral loads ranging from 9.40 x 102 to 1.05 X 10* RNA copies/mL (median
2.54 x 10° RNA copies/mL).



Genes 2019, 10, 332 40f12

RNA virus
.
40000+ . '
1
1
1
® ! Number of viral reads
8 30000+
g ® ' O None
= 1
@ ' O 12
: © = O
© 200001 ] O 3-8
o 1
S I A S R N A | ] () 1024
© 1
S 10000+ ® ¢ o @ | Q O >24
1
1
- e @ @ Q
1
o @ ! ©
.
10° 10° 10* 10° 10°

Viral load (copies/mL)

Figure 1. Detection of RNA viruses by virus discovery cDNA-AFLP (amplified fragment length
polymorphism) next-generation sequencing (VIDISCA-NGS) in cerebrospinal fluid (CSF). Green dots:
samples that were positive by VIDISCA-NGS for enterovirus, orange dots: samples that were positive
by VIDISCA-NGS for HIV-1, white dots: samples that were negative by VIDISCA-NGS. The size of the
dots corresponds to the number of viral reads. On the x-axis, the viral load in CSF is displayed; on the
y-axis, the total number of sequence reads. Samples are divided into segments by a horizontal line at
15,000 reads and a vertical line at 2 x 10* RNA copies/mL.

To exclude that competition by background nucleic acids or other viruses might have hampered
virus detection, we assessed whether co-infection by other pathogens or large quantities of the host
genomic background had competed with viral sequences in the four samples that were negative in
VIDISCA-NGS. The profile of the background sequences of the negative samples was similar to those
of the positive samples, indicating that no major sequence competition was present (Figure 2). Next,
we determined whether the sequencing depth of the four negative samples, in combination with the
low viral load, may have been insufficient. All four missed samples had fewer than 10,000 sequence
reads and had a viral load below 2 X 10* copies/mL, as depicted in the lower left quadrant of Figure 1.
Overall, this quadrant contained nine samples of which five were positive and four were negative by
VIDISCA-NGS. The five positive samples had only one (n = 4) or two (n = 1) reads mapped to the
detected RNA virus. These small numbers of viral reads suggest that such samples (with low viral
load, combined with a low sequencing depth) were on the detection limit of VIDISCA-NGS. Samples
with a similarly low viral load, but with a higher sequence depth (upper left quadrant of Figure 1), had,
on average, more than 5 viral reads per sample. Moreover, a correlation between sequence depth and
viral read number was seen for all samples below 10* RNA copies/mL (rho = 0.64 p = 0.02, Spearman’s
rank correlation test).

3.3. DNA Virus Detection by VIDISCA-NGS

Only one sample was VIDISCA-NGS positive for a herpesvirus (VZV), which was also qPCR
positive at a concentration of 9.29 x 107 DNA copies/mL. Among the samples that remained herpesvirus
negative by VIDISCA-NGS, 33 were positive for at least one herpesvirus by qPCR (median: 9.01 x 103,
range: 5.28 x 103-1.62 x 107 DNA copies/mL). Because of the poor performance of VIDISCA-NGS, we
hypothesized that our library preparation method, which uses a specific restriction enzyme, may have
hampered herpesvirus detection. We examined the number of putative VIDISCA-NGS fragments (the
number of unique genomic fragments that can theoretically be detected by VIDISCA-NGS based on
the location of the Msel restriction enzyme recognition sites and resulting fragments lengths) in the
human herpesvirus genomes. All human herpesviruses genomes have at least 16 putative VIDISCA
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fragments (Table 1). By comparison, the enterovirus and HIV-1 genomes produced a nearly equal
number of fragments and were detected at a high success rate as described above.
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Figure 2. Background sequences in VIDISCA-NGS. Green dots: samples that were positive by
VIDISCA-NGS, white dots: samples that were negative by VIDISCA-NGS, orange dots: the four
samples containing an RNA virus not found by VIDISCA-NGS. On top the p-values are shown for
the Mann-Whitney U test between the positive and negative VIDISCA-NGS samples. “Human”
indicates human mitochondrial or genomic background, “Bacterial” indicates prokaryotic background,
“Ambiguous” represents sequences with simultaneous hits to eukaryotes and prokaryotes, and
“Unknown” are the sequences that do not match with any reference sequence.

Table 1. Putative number of VIDISCA fragments per virus.

Virus Fragments (n)
HSV-1 401
HSV-2 16
\VAY 352
EBV 129
CMV 137
HHV-7 473
Enterovirus 22
HIV-1 19

I Number of putative VIDISCA fragments as determined by the number of genomic regions demarcated by two
Msel restriction enzyme recognition sites with a length of 100 to 400 nucleotides. HSV-1: herpes simplex virus 1,
HSV-2: herpes simplex virus 2, VZV: varicella-zoster virus, EBV: Epstein-Barr virus, CMV: cytomegalovirus, HHV-7:
human herpes virus 7, HIV-1: human immunodeficiency virus 1.

Next, we hypothesized that the nuclease treatment may have hampered the detection of herpesvirus
DNA. DNase treatment is done prior to nucleic acid extraction to remove naked chromosomal and
bacterial DNA. It is assumed that viral genomic DNA is protected from DNase by the virus particle,
however, if viral DNA is non-encapsidated, it will also be degraded. We therefore repeated the library
preparation for all 45 CSF samples, now without a DNase treatment.

3.4. Virus Detection by DNase-Free VIDISCA-NGS

With the DNase-free VIDISCA-NGS, only eight samples contained sequences of an RNA virus (six
HIV-1 and two enterovirus) (Table 2), indicating that background DNA seriously hampered detection



Genes 2019, 10, 332 6 of 12

of RNA viruses. On the other hand, detection of herpesviruses greatly increased. Without a DNase
treatment, 11 samples became VIDISCA-NGS positive: four for HSV-1/2, five for VZV, and two for
CMYV (Figure 3). The viral load of the nuclease-free VIDISCA-NGS herpesvirus positive samples was
higher (median: 1.04 x 10°) than the negative samples (median: 4.42 x 103, p = 0.00009, Mann Whitney
U test). This association between the virus load and VIDISCA-detection became more visible when
10* DNA copies/mL was taken as a threshold; 11 of 18 samples positive by qPCR with >10* DNA
copies/mL were also positive by VIDISCA-NGS, but none below.

Table 2. Performance of VIDISCA-NGS to detect viruses compared to quantitative polymerase chain

reaction (qPCR) in CSE.
VIDISCA-NGS DNase-free VIDISCA-NGS
RNA virus

Enterovirus 6/81 2/8
HIV-1 8/10 6/10
Total 14/18 8/18

Herpesvirus

HSV-1/2 0/14 4/14

VZV 1/8 5/8
EBV 0/12 0/12

MV 0/2 2/2

HHV-7 0/2 0/2
Total 1/38 11/38

1 Results shown as: VIDISCA-NGS positives samples/qPCR positive samples.
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Figure 3. Detection of herpesviruses by VIDISCA-NGS in CSF. The results of regular VIDISCA-NGS
are in the left panel, results of DNase-free VIDICSA-NGS are in the right panel. If a sample contained
multiple viruses, multiple data points are displayed for each of the co-infecting viruses. A vertical line
is drawn to separate samples above and below 10* DNA copies/mL. Green dots: samples that were
positive by VIDISCA-NGS for HSV-1/2, blue dots: samples that were positive by VIDISCA-NGS for
VZV, orange dots: samples that were positive by VIDISCA-NGS for CMV, white dots: samples that
were negative by VIDISCA-NGS. The size of the dots corresponds to the number of viral reads. On the
x-axis, the viral load in CSF is displayed; on the y-axis, the total number of sequence reads.

3.5. Effect of a DNase Treatment on Virus Detection by VIDISCA-NGS

We identified several co-infecting DNA viruses (torque teno virus (TTV), n = 5; human
papillomavirus (HPVs), n = 5; and hepatitis B virus (HBV), n = 1), which were not included in
the routine diagnostics of the CSF samples, but were identified by VIDISCA-NGS (n = 11). Similar to
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the effects we observed for herpesvirus detection, we hypothesized that more non-herpes DNA viruses
would be detected under the DNase-free condition. Surprisingly, no additional non-herpes DNA
viruses were identified using the DNase-free method. On the contrary, of the 11 samples containing
non-herpes DNA viruses detected by regular VIDISCA-NGS, only four samples were positive when
excluding a DNase treatment (Figure 4).
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Figure 4. Effect of DNase on the detection of non-herpes DNA viruses by VIDISCA-NGS. On the x-axis,
the viral species is displayed; on the y-axis, the total number of sequence reads. Left panel: Normal
VIDISCA-NGS, right panel: DNase-free VIDSCA-NGS. Green dots: samples positive for the indicated
virus, white dots: samples negative for the indicated virus. The size of the dots corresponds to the
number of viral reads.

To assess the overall effect of a DNase treatment, we determined the ratio of viral reads, adjusted
for sequencing depth, between the two treatment arms for all viruses identified by VIDISCA-NGS
in this study (Figure 5). All herpesviruses had substantially more, or a roughly equal number of
viral reads in the DNase-free condition. In contrast, the opposite was true for non-herpes DNA and
RNA viruses.
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Figure 5. Effect of DNase on the detection of RNA and DNA viruses by VIDISCA-NGS in CSF. Viral read
ratio (x-axis) is calculated as the ratio between the number of viral reads for samples with and without
a DNase treatment, adjusted for the sequencing depth. Samples with a ratio >1 favor regular library
preparation whereas samples with a ratio <1 favor a DNase-free treatment. Green dots: non-herpes
DNA viruses, orange diamonds: herpesviruses, blue triangles: RNA viruses. On the y-axis, the viral
species are displayed.

4. Discussion

Metagenomic assays have the potential to benefit the diagnosis of CNS-infections. To this end, they
need to meet certain prerequisites: Besides being broad—preferably detecting all viruses—an assay
should be fast, sensitive, and affordable. VIDISCA-NGS is a unique method for viral metagenomics,
which requires a relatively limited sequence depth and allows multiplexing, which reduces costs
and runtime per sample [23]. As limited sequence depth, multiplexing, and speed may come at the
expense of sensitivity, we evaluated the performance of VIDISCA-NGS on 45 clinical CSF samples
containing viruses, quantified via conventional diagnostics (qPCR). VIDISCA-NGS detected an RNA
virus in all medium to high viral load samples (>2 x 10* RNA copies/mL) and most (67%) of the low
viral load samples. One VIDICSA-NGS positive HIV-1 sample had only 1.07 x 10> RNA copies/mL,
demonstrating the capability to detect even very low load viruses.
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Metagenomics has been used to detect novel or unexpected viruses in CSF in several studies [7-10],
but only a limited number of studies have evaluated the performance. Two studies investigated the
limit of detection using dilutions of spiked HIV-1 in CSE. One study used the Ribo-SPIA pipeline [25],
the second used a tailor-made protocol, including Nextera, to fragment and amplify [26,27]. Both
studies used >5 million reads per sample and found a limit of detection of ~10?> RNA copies/mL for
HIV-1, comparable to that of VIDISCA-NGS when 10,000 reads are used.

Besides the pathogens detected in the current study, VIDISCA-NGS has been able to
detect a large number of other viruses, including members of the Adenoviridae, Anelloviridae,
Caliciviridae, Coronaviridae, Flaviviridae, Hepadnaviridae, Orthomyxoviridae, Paramyxoviridae, Parvoviridae,
Peribunyaviridae, Picornaviridae, Pneumoviridae, Polyomaviridae, and Retroviridae, in several types of clinical
material (stool, serum, plasma, respiratory swabs) [14-18,28-32]. Thus, it is likely that VIDISCA-NGS
is able to detect viruses from these families in CSF with similar sensitivities. However, our current
findings now indicate there is one viral family difficult to detect with VIDISCA-NGS, namely the
Herpesviridae. VIDISCA-NGS was only able to detect one high load herpesvirus (VZV, 9.29 x 107 DNA
copies/mL) out of 34 qPCR positive samples. We hypothesized that our nuclease treatment hindered
herpesvirus detection, and omitting a DNase treatment indeed yielded an additional 10 samples that
were positive for herpesvirus. Of the medium to high load herpesviruses (>10* RNA copies/mL),
DNase-free VIDISCA-NGS detected 61%.

The vulnerability of herpesviruses to DNase is not unexpected. Boom et al. found that CMV DNA
in serum and plasma is highly fragmented and susceptible to DNases [33]. Similarly, Perlejewski et al.
described a four-fold decrease in HSV-1 reads when using a DNase treatment for metagenomics on
CSF [34]. Our study expands on this knowledge by showing that the vulnerability to DNase also applies
to the other herpesviruses. This vulnerability signifies that the performance of metagenomic assays
should not be evaluated on spiked samples. Herpesvirus culture harvests contain infectious virions
with non-fragmented DNA [33,35], whereas herpesvirus in cell-free clinical material is non-infectious
and, as mentioned above, contains highly fragmented DNA [33,36]. The only two studies that examined
the performance of a metagenomics assay to detect herpesviruses used virus culture harvests, and
found low limits of detection (10! and 103 DNA copies/mL for CMV and HSV-1, respectively) [25,26].
Caution should be taken to translate these findings to a clinical setting, as virus culture harvests are,
especially for herpesviruses, not a correct representative of reality.

Herpesviruses have large DNA genomes and use rolling-circle amplification to produce head-to-tail
concatamers of progeny virus [37]. During the lytic replication phase, large amounts of non-infective
naked progeny virus are released from the cell and may enter the CSF if replication occurs in the CNS
compartment. Because of the high genome copy number and the generally low DNase activity in
CSF [38], degradation may take a significant amount of time. Naked herpesvirus DNA could thus
persist for an extensive amount of time in CSEF, even after the local infection has ceased. In theory,
the persistence of naked DNA could also occur for other DNA viruses, such as HPV and TTV. These
viruses use similar replication strategies to herpesviruses. The detection of these DNA viruses by
VIDISCA-NGS was, however, not hampered by a DNase treatment (Figure 4), indicating that the viral
DNA of these viruses was part of an intact virion.

Without amplification, the nucleic acid yield from CSF is generally too low for effective NGS library
preparation for metagenomics [39]. For that reason, VIDISCA-NGS implements an amplification step
to increase the number of viral genomic fragments from CSE. We previously found that viruses with a
concentration of >10* copies/mL were detected when 5000 sequence reads or more were generated
per sample from nasopharyngeal swabs [17]. Since then, we have used this number as a threshold to
ensure that a sufficient sequence depth was achieved for virus detection. Our current results suggest
this threshold may have to be increased for CSF. All RNA virus samples missed by VIDISCA-NGS had
fewer than 10,000 reads and a strong correlation between the sequencing depth and number of viral
reads was observed. Increasing the sequence depth could therefore increase the detection of low load
RNA viruses. As such, we recommend to generate 10,000 or more reads per sample.
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In the current study, we multiplexed 70 samples per VIDISCA-run. While it is uncommon for
a large number of patients with encephalitis to present at the same time, this method could be of
substantial benefit in outbreaks [40] and research settings where large cohorts of patients have to be
screened at the same time. Because the performance of VIDISCA-NGS remains lower than qPCR,
especially for the detection of herpesviruses, VIDISCA-NGS cannot replace conventional diagnostics.
Nonetheless, we suggest the use of standard VIDISCA-NGS (including a DNase) in parallel with
conventional diagnostics, as this provides a cheap, low-input, and sensitive method to detect known,
rare, and novel viruses in CSF.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/10/5/332/s1,
Table S1: VIDISCA-NGS and qPCR data for all samples.

Author Contributions: Conceptualization, AW.D.E.,, M.D,, LEv.Z,, D.v.d.B.,, M.C.B,, L.v.d.H.; methodology,
AWD.E., MD., CMK. and L.v.d.H.; investigation, AW.D.E.,, M.D., M.E].,, CM.K. and L.v.d.H.; resources, LE.v.Z.,
M.B.,, D.v.d.B. and M.C.B,; data curation, AW.D.E., M.D., CM K. and L.E.v.Z.; writing—original draft preparation,
AW.DL.E. and L.v.d.H.; writing—review and editing, M.D., CM.K,, LE.v.Z., D.v.d.B. and M.C.B.

Funding: This work was supported by the Academic Medical Center (PhD scholarship to A.W.D.E.) and European
Union’s Horizon 2020 research and innovation programme HONOURs, under grant agreement No 721367.

Acknowledgments: The authors thank the M. Jakobs and L. Koster of the Core Facility Genomics - Amsterdam
UMC—Location AMC, for sequencing the VIDISCA libraries.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Brouwer, M.C.; Thwaites, G.E.; Tunkel, A.R.;; van de Beek, D. Dilemmas in the diagnosis of acute
community-acquired bacterial meningitis. Lancet 2012, 380, 1684-1692. [CrossRef]

2. Khatib, U.; van de Beek, D.; Lees, J.A.; Brouwer, M.C. Adults with suspected central nervous system infection:
A prospective study of diagnostic accuracy. J. Infect. 2017, 74, 1-9. [CrossRef]

3. Solomon, T.; Hart, L.].; Beeching, N.J. Viral encephalitis: A clinician’s guide. Pract. Neurol. 2007, 7, 288-305.
[CrossRef]

4. Granerod, J.; Tam, C.C.; Crowcroft, N.S.; Davies, N.W.S.; Borchert, M.; Thomas, S.L. Challenge of the
unknown: A systematic review of acute encephalitis in non-outbreak situations. Neurology 2010, 75, 924-932.
[CrossRef] [PubMed]

5. Brown, J.R.; Bharucha, T.; Breuer, J. Encephalitis diagnosis using metagenomics: Application of next
generation sequencing for undiagnosed cases. J. Infect. 2018, 76, 225-240. [CrossRef]

6.  Whitley, R.J.; Gnann, J.W. Viral encephalitis: Familiar infections and emerging pathogens. Lancet 2002, 359,
507-514. [CrossRef]

7. Palacios, G.; Druce, J.; Du, L.; Tran, T.; Birch, C.; Briese, T.; Conlan, S.; Quan, P-L.; Hui, J.; Marshall, J.; et al. A
New Arenavirus in a Cluster of Fatal Transplant-Associated Diseases. N. Engl. ]. Med. 2008, 358, 991-998.
[CrossRef]

8.  Hoffmann, B.; Tappe, D.; Hoper, D.; Herden, C.; Boldt, A.; Mawrin, C.; Niederstraier, O.; Miiller, T,;
Jenckel, M.; van der Grinten, E.; et al. A Variegated Squirrel Bornavirus Associated with Fatal Human
Encephalitis. N. Engl. |. Med. 2015, 373, 154-162. [CrossRef] [PubMed]

9.  Edridge, A.W.D.; Deijs, M.; Namazzi, R.; Cristella, C.; Jebbink, M.E,; Maurer, I.; Kootstra, N.A.; Buluma, L.R,;
van Woensel, ].B.M.; de Jong, M.D.; et al. Novel Orthobunyavirus Identified in the Cerebrospinal Fluid of a
Ugandan Child With Severe Encephalopathy. Clin. Infect. Dis. 2019, 68. [CrossRef]

10. Quan, PL.; Wagner, T.A,; Briese, T.; Torgerson, T.R.; Hornig, M.; Tashmukhamedova, A.; Firth, C.; Palacios, G.;
Baisre-de-Leon, A.; Paddock, C.D.; et al. Astrovirus encephalitis in boy with X-linked agammaglobulinemia.
Emerg. Infect. Dis. 2010, 16, 918-925. [CrossRef] [PubMed]

11. Conceicao Neto, N.; Conceigao-Neto, N.; Zeller, M.; Lefrére, H.; De Bruyn, P; Beller, L.; Deboutte, W.;
Yinda, C.K.; Lavigne, R.; Maes, P; et al. NetoVIR: a reproducible protocol for virome analysis. Protoc. Exch.
2016. [CrossRef]

12. Wylezich, C.; Papa, A.; Beer, M.; Hoper, D. A Versatile Sample Processing Workflow for Metagenomic
Pathogen Detection. Sci. Rep. 2018, 8, 13108. [CrossRef] [PubMed]


http://www.mdpi.com/2073-4425/10/5/332/s1
http://dx.doi.org/10.1016/S0140-6736(12)61185-4
http://dx.doi.org/10.1016/j.jinf.2016.09.007
http://dx.doi.org/10.1136/jnnp.2007.129098
http://dx.doi.org/10.1212/WNL.0b013e3181f11d65
http://www.ncbi.nlm.nih.gov/pubmed/20820004
http://dx.doi.org/10.1016/j.jinf.2017.12.014
http://dx.doi.org/10.1016/S0140-6736(02)07681-X
http://dx.doi.org/10.1056/NEJMoa073785
http://dx.doi.org/10.1056/NEJMoa1415627
http://www.ncbi.nlm.nih.gov/pubmed/26154788
http://dx.doi.org/10.1093/cid/ciy486
http://dx.doi.org/10.3201/eid1606.091536
http://www.ncbi.nlm.nih.gov/pubmed/20507741
http://dx.doi.org/10.1038/protex.2016.029
http://dx.doi.org/10.1038/s41598-018-31496-1
http://www.ncbi.nlm.nih.gov/pubmed/30166611

Genes 2019, 10, 332 11 of 12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

van der Hoek, L.; Pyrc, K.; Jebbink, M.E; Vermeulen-Oost, W.; Berkhout, R.J.M.; Wolthers, K.C.; Wertheim-van
Dillen, PM.E.; Kaandorp, J.; Spaargaren, J.; Berkhout, B. Identification of a new human coronavirus. Nat.
Med. 2004, 10, 368-373. [CrossRef] [PubMed]

Canuti, M.; Williams, C.V.; Gadi, S.R.; Jebbink, M.E.; Oude Munnink, B.B.; Jazaeri Farsani, S.M.; Cullen, ].M.;
van der Hoek, L. Persistent viremia by a novel parvovirus in a slow loris (Nycticebus coucang) with diffuse
histiocytic sarcoma. Front. Microbiol. 2014, 5, 655. [CrossRef]

Canuti, M.; Williams, C.V.; Sagan, S.M.; Oude Munnink, B.B.; Gadi, S.; Verhoeven, ].T.P,; Kellam, P.; Cotten, M.;
Lang, A.S.; Junge, R.E,; et al. Virus discovery reveals frequent infection by diverse novel members of the
Flaviviridae in wild lemurs. Arch. Virol. 2018. [CrossRef] [PubMed]

de Vries, M.; Oude Munnink, B.B.; Deijs, M.; Canuti, M.; Koekkoek, S.M.; Molenkamp, R.; Bakker, M.;
Jurriaans, S.; van Schaik, B.D.C.; Luyf, A.C.; et al. Performance of VIDISCA-454 in Feces-Suspensions and
Serum. Viruses 2012, 4, 1328-1334. [CrossRef] [PubMed]

De Vries, M.; Deijs, M.; Canuti, M.; van Schaik, B.D.C.; Faria, N.R.; van de Garde, M.D.B.; Jachimowski, L.C.M.;
Jebbink, MLE; Jakobs, M.; Luyf, A.C.M.; et al. A sensitive assay for virus discovery in respiratory clinical
samples. PLoS ONE 2011, 6, e16118. [CrossRef] [PubMed]

van der Heijden, M.; de Vries, M.; van Steenbeek, F.G.; Favier, R.P.; Deijs, M.; Brinkhof, B.; Rothuizen, J.;
van der Hoek, L.; Penning, L.C. Sequence-independent VIDISCA-454 technique to discover new viruses in
canine livers. J. Virol. Methods 2012, 185, 152-155. [CrossRef] [PubMed]

Brouwer, M.C.; Jim, K.K.; Benschop, K.S.; Wolthers, K.C.; van der Ende, A.; de Jong, M.D.; van de Beek, D.
No evidence of viral coinfection in cerebrospinal fluid from patients with community-acquired bacterial
meningitis. J. Infect. Dis. 2013, 208, 182-184. [CrossRef]

Boom, R.; Sol, C.J.A.; Salimans, M.M.M.; Jansen, C.L.; Wertheim-van Dillen, PM.E.; van der Noordaa, J.
Rapid and simple method for purification of nucleic acids. J. Clin. Microbiol. 1990, 28, 495-503.

Endoh, D.; Mizutani, T.; Kirisawa, R.; Maki, Y.; Saito, H.; Kon, Y.; Morikawa, S.; Hayashi, M.
Species-independent detection of RNA virus by representational difference analysis using non-ribosomal
hexanucleotides for reverse transcription. Nucleic Acids Res. 2005, 33, 1-11. [CrossRef]

Edgar, R.C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 2010, 26, 2460—-2461.
[CrossRef]

Kinsella, C.M.; Deijs, M.; van der Hoek, L. Enhanced bioinformatic profiling of VIDISCA libraries for virus
detection and discovery. Virus Res. 2018, 263, 21-26. [CrossRef]

Flygare, S.; Simmon, K.; Miller, C.; Qiao, Y.; Kennedy, B.; Di Sera, T.; Graf, E.H.; Tardif, K.D.; Kapusta, A.;
Rynearson, S.; et al. Taxonomer: An interactive metagenomics analysis portal for universal pathogen
detection and host mRNA expression profiling. Genome Biol. 2016, 17, 111. [CrossRef]

Bukowska-Osko, I.; Perlejewski, K.; Nakamura, S.; Motooka, D.; Stokowy, T.; Kosiniska, J.; Popiel, M.;
Ptoski, R.; Horban, A.; Lipowski, D.; et al. Sensitivity of next-generation sequencing metagenomic analysis
for detection of RNA and DNA viruses in cerebrospinal fluid: The confounding effect of background
contamination. In Respiratory Treatment and Prevention; Advances in Experimental Medicine and Biology;
Springer: Cham, Germany, 2017; Volume 944, pp. 53-62. ISBN 978-3-319-44488-8. [CrossRef]

Schlaberg, R.; Chiu, C.Y.; Miller, S.; Procop, G.W.; Weinstock, G.; Professional Practice Committee and
Committee on Laboratory Practices of the American Society for Microbiology and Microbiology Resource
Committee of the College of American Pathologists. Validation of Metagenomic Next-Generation Sequencing
Tests for Universal Pathogen Detection. Arch. Pathol. Lab. Med. 2017, 141, 776-786. [CrossRef]

Miller, S.; Naccache, S.; Samayoa, E.; Messacar, K.; Arevalo, S.; Federman, S.; Stryke, D.; Pham, E.; Fung, B.;
Bolosky, W.J.; et al. Laboratory Validation of a Clinical Metagenomic Sequencing Assay for Pathogen
Detection in Cerebrospinal Fluid. bioRxiv 2018, 330381. [CrossRef]

De Groof, A.; Deijs, M.; Guelen, L.; van Grinsven, L.; van Os-Galdos, L.; Vogels, W.; Derks, C.; Cruijsen, T.;
Geurts, V.; Vrijenhoek, M.; et al. Atypical Porcine Pestivirus: A Possible Cause of Congenital Tremor Type
A-IT in Newborn Piglets. Viruses 2016, 8, 271. [CrossRef]

Oude Munnink, B.B.; Cotten, M.; Canuti, M.; Deijs, M.; Jebbink, M.F,; van Hemert, EJ.; Phan, M.V.T,;
Bakker, M.; Jazaeri Farsani, S.M.; Kellam, P,; et al. A Novel Astrovirus-Like RNA Virus Detected in Human
Stool. Virus Evol. 2016, 2, vew005. [CrossRef]


http://dx.doi.org/10.1038/nm1024
http://www.ncbi.nlm.nih.gov/pubmed/15034574
http://dx.doi.org/10.3389/fmicb.2014.00655
http://dx.doi.org/10.1007/s00705-018-4099-9
http://www.ncbi.nlm.nih.gov/pubmed/30460488
http://dx.doi.org/10.3390/v4081328
http://www.ncbi.nlm.nih.gov/pubmed/23012629
http://dx.doi.org/10.1371/journal.pone.0016118
http://www.ncbi.nlm.nih.gov/pubmed/21283679
http://dx.doi.org/10.1016/j.jviromet.2012.05.019
http://www.ncbi.nlm.nih.gov/pubmed/22664180
http://dx.doi.org/10.1093/infdis/jit140
http://dx.doi.org/10.1093/nar/gni064
http://dx.doi.org/10.1093/bioinformatics/btq461
http://dx.doi.org/10.1016/j.virusres.2018.12.010
http://dx.doi.org/10.1186/s13059-016-0969-1
http://dx.doi.org/10.1007/5584_2016_42
http://dx.doi.org/10.5858/arpa.2016-0539-RA
http://dx.doi.org/10.1101/gr.238170.118
http://dx.doi.org/10.3390/v8100271
http://dx.doi.org/10.1093/ve/vew005

Genes 2019, 10, 332 12 of 12

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

de Groof, A.; Guelen, L.; Deijs, M.; van der Wal, Y.; Miyata, M.; Ng, K.S.; van Grinsven, L.; Simmelink, B.;
Biermann, Y.; Grisez, L.; et al. A Novel Virus Causes Scale Drop Disease in Lates calcarifer. PLoS Pathog. 2015,
11, €1005074. [CrossRef]

Oude Munnink, B.B.; Canuti, M.; Deijs, M.; de Vries, M.; Jebbink, M.E,; Rebers, S.; Molenkamp, R.; van
Hemert, EJ.; Chung, K.; Cotten, M.; et al. Unexplained diarrhoea in HIV-1 infected individuals. BMC Infect.
Dis. 2014, 14, 22. [CrossRef]

Jazaeri Farsani, S.M.; Jebbink, M.E; Deijs, M.; Canuti, M.; van Dort, K.A.; Bakker, M.; Grady, B.P,; Prins, M.;
van Hemert, EJ.; Kootstra, N.A.; et al. Identification of a new genotype of Torque Teno Mini virus. Virol. ].
2013, 10, 323. [CrossRef]

Boom, R;; Sol, C.J.A.; Schuurman, T.; van Breda, A.; Weel, ].EL.; Beld, M.; Ten Berge, L.].M.; Wertheim-van
Dillen, PM.E.; de Jong, M.D. Human cytomegalovirus DNA in plasma and serum specimens of renal
transplant recipients is highly fragmented. J. Clin. Microbiol. 2002, 40, 4105-4113. [CrossRef]

Stokowy, T.; Bukowska-Osko, I.; Nakamura, S.; Pollak, A.; Lechowicz, U.; Popiel, M.; Caraballo Cortés, K.;
Radkowski, M.; Lipowski, D.; Motooka, D.; et al. Next-generation sequencing (NGS) in the identification
of encephalitis-causing viruses: Unexpected detection of human herpesvirus 1 while searching for RNA
pathogens. J. Virol. Methods 2015, 226, 1-6.

Huang, E.S.; Chen, S.T.; Pagano, ].S. Human cytomegalovirus. I. Purification and characterization of viral
DNA. J. Virol. 1973, 12, 1473-1481.

Drouet, E.; Michelson, S.; Denoyel, G.; Colimon, R. Polymerase chain reaction detection of human
cytomegalovirus in over 2000 blood specimens correlated with virus isolation and related to urinary
virus excretion. J. Virol. Methods 1993, 45, 259-276. [CrossRef]

Jacob, R]J.; Morse, L.S.; Roizman, B. Anatomy of herpes simplex virus DNA. XII. Accumulation of head-to-tail
concatemers in nuclei of infected cells and their role in the generation of the four isomeric arrangements of
viral DNA. J. Virol. 1979, 29, 448-457.

Hughes, T.S.; Langer, S.J.; Johnson, K.W.; Chavez, R.A.; Watkins, L.R.; Milligan, E.D.; Leinwand, L.A.
Intrathecal injection of naked plasmid DNA provides long-term expression of secreted proteins. Mol. Ther.
2009, 17, 88-94. [CrossRef]

Kawada, J.I.; Okuno, Y.; Torii, Y.; Okada, R.; Hayano, S.; Ando, S.; Kamiya, Y.; Kojima, S.; Ito, Y. Identification
of Viruses in Cases of Pediatric Acute Encephalitis and Encephalopathy Using Next-Generation Sequencing.
Sci. Rep. 2016, 6, 33452. [CrossRef]

Chua, K.B,; Bellini, W.J.; Rota, P.A.; Harcourt, B.H.; Tamin, A.; Lam, S.K.; Ksiazek, T.G.; Rollin, PE.; Zaki, S.R.;
Shieh, W.; et al. Nipah virus: A recently emergent deadly paramyxovirus. Science 2000, 288, 1432-1435.
[CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1371/journal.ppat.1005074
http://dx.doi.org/10.1186/1471-2334-14-22
http://dx.doi.org/10.1186/1743-422X-10-323
http://dx.doi.org/10.1128/JCM.40.11.4105-4113.2002
http://dx.doi.org/10.1016/0166-0934(93)90112-5
http://dx.doi.org/10.1038/mt.2008.230
http://dx.doi.org/10.1038/srep33452
http://dx.doi.org/10.1126/science.288.5470.1432
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Sample Description and qPCR Results 
	RNA Virus Detection by VIDISCA-NGS 
	DNA Virus Detection by VIDISCA-NGS 
	Virus Detection by DNase-Free VIDISCA-NGS 
	Effect of a DNase Treatment on Virus Detection by VIDISCA-NGS 

	Discussion 
	References

