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Switzerland,® Infectious Diseases Division, Department of Paediatrics,niversity Hospital Bern, Bern, Switzerland

The etiologic cause of encephalitis, meningitis or meningencephalitis is unknown in
up to 70% of cases. Clinical shotgun metagenomics combined \ith host depletion is
a promising technique to identify infectious etiologies ofentral nervous system (CNS)
infections. We developed a straightforward eukaryotic hdsiucleic acid depletion method
that preserves intact viruses and bacteria for subsequent ltgun metagenomics
screening of clinical samples, focusing on cerebrospinaluid (CSF). A surrogate CSF
sample for a CNS infection paradigm was used to evaluate the rpposed depletion
method consisting of selective host cell lysis, followed byenzymatic degradation of
the liberated genomic DNA for nal depletion with paramagntic beads. Extractives
were subjected to reverse transcription, followed by wholegenome ampli cation and
next generation sequencing. The effectiveness of the host apletion method was
demonstrated in surrogate CSF samples spiked with three 100 dilutions of In uenza A
H3N2 virus (gPCR Ct-values 20.7, 28.8> 42/negative). Compared to the native samples,
host depletion increased the amount of the virus subtype reds by factor 7127 and 132,
respectively, while in the gPCR negative sample zero vs. 31.4E-4 %) virus subtype
reads were detected (native vs. depleted). The work ow was pplied to thirteen CSF
samples of patients with meningo-/encephalitis (two bactdal, eleven viral etiologies), a
serum of an Andes virus infection and a nose swab of a common dd patient. Unlike
surrogate samples, host depletion of the thirteen human CSBamples and the nose
swab did not result in more reads indicating presence of damged pathogens due
to, e.g., host immune response. Nevertheless, previouslyidgnosed pathogens in the
human CSF samples (six viruses, two bacteria), the serum, drthe nose swab (Human
rhinovirus A31) were detected in the depleted and/or the nate samples. Unbiased
evaluation of the taxonomic pro les supported the diagnose pathogen in two native
CSF samples and the native and depleted serum and nose swab, kile detecting
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Oechslin et al. Viral and Bacterial Metagenomic Diagnosis

various contaminations that interfered with pathogen idetncation at low concentration
levels. In summary, damaged pathogens and contaminationsamplicated analysis and
interpretation of clinical shotgun metagenomics data. Sti proper consideration of these
issues may enable future application of metagenomics for iclical diagnostics.

Keywords: central nervous system infection, CSF, diagnosti cs, viruses, bacteria, NGS, shotgun metagenomics,
host depletion

INTRODUCTION bacterial or viral DNA, or are only based on RNA sequencing
targeting bacterial 16S or viral RNA(ander et al., 2001; Hall
Various known pathogens, including viruses, bacteria, funget al., 2014; Jensen et al., 2015; Kohl et al., 2015; Lewaralowsk
and parasites, cause severe infections of the central nervogk | 2015: Ruppé et al., 2017; Sabat et al.)2017
system (CNS) accounting for 30-50% of cases of meningitis, This study aimed to establish a straightforward shotgun
encephalitis, and meningo-encephalitiSlgser et al., 2006; metagenomics work ow to simultaneously screen for both,
Mailles and Stahl, 2009; Granerod et al., Q0Mortality can  pacteria and viruses in liquid clinical samples, focusing on
be high as observed with the DNA viruslerpes simplex human CSF. A simple host nucleic acid depletion method was
(treated 25%, untreated 70%), which causes the most leth@veloped to minimize the overwhelming host NA proportion,
viral CNS infections endemic in the USAS¢orge et al., 2014; thus enriching presumed viral and bacterial NA within a
Whitley, 201). The etiology of meningo-/encephalitis cannot patients sample. Surrogate CSF samples were developed to
be identied in up to 70% of the total case€i¢gman and model in ammatory CSF of patients with meningo-/encephaliti
Jazbec, 1993; Sivertsen and Christensen, 1996; Kheis&triﬁn to validate the Shotgun metagenomics work ow Comparing
2002; Glaser et al., 200@iagnosis of CNS infections, which depleted to native aliquots. The novel approach was applied to
is routinely performed in cerebrospinal uid (CSF), remains aclinical CSF samples, a human nose swab and a serum sample.
great Cha"enge. Patients are usually in a severe Statﬂhhhe The proposed host NA dep]etion method Successfu”y
thus broad-spectrum antibiotics and antivirals are fredien increased viral and bacterial reads in surrogate CSF samples
administered prior to CSF sampling a ecting the diagnosticwhich was not reproducible with clinical samples. The previously
outcome. Moreover, Iong Iasting routine ”qUOf cultivation diagnosed pathogens were detected by Shotgun metagenomics
remains di cult as the majority of species are non-cultivable in the majority of samples but evident etiology was a ected by
Finally, fast routine molecular diagnostics by polymeras&r  |ow concentrations of pathogens, numerous contaminatiors an
reaction (PCR) is restricted to the detection of known infeas  curation and extent of reference databases for bioinforcsat
agents. analysis. Nonetheless, our shotgun metagenomics work cav is
For adequate patient management, improved identi cationnovel approach to simultaneously detect RNA and DNA viruses

of CNS infection etiologies to enable targeted therapy igs well as bacteria applying a total host nucleic acid depletion
indispensable. Metagenomics was recently used to assifkthod.

infectious disease diagnostics, also for meningo-/endéha

(Cordey et al., 2014; Naccache et al., 2015; Ortiz Alcantaaia e

2015; Kawada et al., 2016; Wylie et al., 2016; Lewandowaka etMATERIALS AND METHODS

2017; Ruppé et al., 201 Bhotgun metagenomics, that sequenceSampIes

all nucleic acids (NA) in a given sample, has the potentiaNative surrogate samples, samples of patients and negative
to identify known but mutated (evading qPCR detection),controls were left unprocessed at room temperature during

unexpected, and previously undetected pathogens or mixeshmple preparation until NA extraction.
infections Palacios et al., 2008; Basmaci et al., 2011; Smits et al.,

2013; Tan le et al., 20).3Nonetheless, shotgun metagenomicsSurrogate CSF Samples (surrogCSF)
has to deal with the vast proportion of host sequences in @dinic Immortalized cell lines were used to model a surrogate
samples. Existing host depletion approaches to enrich pathogémammatory CSF of a CNS infection. Human hepato-cellular
sequences are time consuming, expensive and/or require higlarcinoma cells (HUH7; kindly provided by Dr. Volker Thiel
specializationAllander et al., 2001; Kapoor et al., 2008; Victoriaat the Institute of Virology and Immunology, University of
etal., 2008; Ng et al., 2009; Kohl et al., J0They focus on either Bern) resemble active immune cells during the immune response
(Shay et al., 2001The cells were cultured in liquid Dulbecco's
Abbreviations: CNS, central nervous system; (q)PCR, (quantitative real-timefM0di €d Eagle Medium (DMEM) with stable glutamine (3.7 g/|
polymerase chain reaction; NA, nucleic acid(s); CSF, cerebrospinal; NaHCOz; and 4.5 g/l D-glucose) supplemented with 0.1X DMEM
surrogCSF, surrogate sample for CSF of a central nervous systentiomfec volume of fetal bovine serum (FBS Superior), 0.01X non-dsden
patCSF, CSF sample of a patient; Inf A, Inuenza A virdspseud.Yersinia  g3mino acids 100x concentrate, 0.02X 1M 4-(2-hydroxyethyl)-

pseudotuberculosis; RT, reverse transcription; WGA, whole genaompé aation; . . . .
WTA, whole transcriptome ampli cation; nt, nucleotide database & MCBI; Ct- 1'p|peraZIneethaneSUIfomc acid (HEPES) bu er 50x, 0.01X

value, cycle threshold value; gDNA, genomic DNA; mtDNA, mitochordbibiA; Penicillin/Streptomycin liquid 10,000g/ml (Biochrom, Merck
rRNA, ribosomal RNA,; stddev, standard deviation. KGaA), and 0.00005X Neomycin sulfate 10 mg/ml (Pan—Biotech
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GmbH). The cells were split once before harvesting in culturenetagenomic analysis, the latter stored up to one week @t 4

medium without antibiotics. After harvesting and centrifation, before freezing at 80 C. Classic diagnostics was performed

the cells were resuspended in arti cial CSF (ASCF, Tbcris using the FILMARRAY Meningitis/Encephalitis (ME) Panel.

Bioscience) to a concentration mimicking a strong immuneOf all samples, those with the highest titer of the diagnosed

response (10,000 cells pd) (Solomon et al., 200Q7Aliquots of  pathogen were included in this study. Apart from diagnostics

50m in DNA LoBind 1.5 mltubes (Eppendorf AG) were frozen at results patient's data were masked for all CSF samples prdsente
80 C for stock. Cell suspensions were spiked with viral and/omn this study. Preceding the tests, the patCSF samples were

bacterial suspension(s) to appropriate high concentrations we thawed on ice and aliquoted in #@ samples into DNA LoBind

detectable by gPCR in native and host NA depleted samples 05 ml tubes (Eppendorf AG).

a total volume of 60m [average Ct-values in native samples:

viruses Ct-value 21.5 and bacteria 18, corresponding to cogyerum Sample

number equivalents per 661 sample of 3.2E6 viruses and Peripheral blood was collected from a Swiss patient returning

1.2EC8 bacteria copies, values higher or similar compared térom South  America (www.promedmail.org/;  Archive

other approachesdheval et al., 2011; Hasan et al., 216 Number: 20170118.4773312) via sterile venipuncture in
tubes (Vacutainér, Becton, Dickinson, and Company) at the
Pathogens University Hospital Bern. For the production of serum, tubes

To test the physical in uence of sample processing steps owere centrifuged for 10 min at 1,000 g and serum was stored at
human cells, bacteria, and viruses based on their celldarti 80 C (Kuenzli etal., 2013

size, genome size and type, we chose a Gram-negative aerobe

bacterium and an enveloped segmented RNA-virus of biosafefyose Swab Sample

level 2 for ease of handling and higher susceptibility tdNose swabs of a volunteer su ering from common cold were
physical homogenization, e.g., than Gram-positive bacteria taken late in disease state. The swabs were immediatelyriseche
non-enveloped viruses. Thus, surrogCSF were spiked with tHé 500m Dulbecco's Phosphate Bu ered Saline (PBS w/o GaCl
Gram-negative speciéersinia pseudotuberculogiépseud.as & MgCly, sterile- ltered, Merck KGaA) in DNA LoBind 1.5ml

a bacterial model (Nr. 1.5, Istituto cantonale di microlnigla tubes (Eppendorf AG) and put on ice. Before taking aliquots for
Bellinzona, L'Ente Ospedaliero Cantonale, EOC) culture@nalyses the tubes with the immersed swabs were vortexed for
overnight at 37C on tryptic soy agar plate. The envelopedl min at highest velocity.

segmented (-)ssRNA Inuenza A H3N2 virus (Inf A) was

used as a viral model (In uenza A virus/Wisconsin/67/05 Nr. Negative Controls

13/8525.02.07/NCPV H3N2; P1, MDCK-cells, stored 8 C).  Negative controls were included in NGS analysis to control fo
possible contaminations in samples. Negative controls coulsiste

Ethics Statement of Dulbecco's Phosphate Buered Saline (PBS w/o ga%l
This study was carried out in accordance with the Declaratio MJCl, sterile- Itered, Merck KGaA) or PCR grade water (Roche
of Helsinki, the Human Research Act, and the Human ReseardRiagnostics International AG). They were equally processed
Ordinance of the Swiss confederation. The protocol wafesides surrogate or human samples for the whole shotgun
approved by the ethics committee of the canton of Bern [Ref.metagenomics work ow.

Nr: KEK 234/2014]. For the use of CSF samples from subjects in

Bern, the ethics committee of the canton of Bern waived ttetine Sample Preparation

for informed consent; all other subjects gave written imi@d The host NA depletion method was developed to minimize

consent in accordance with the Declaration of Helsinki. the host reads proportion of NGS analysis and to shift the
reads ratio to the presumed viral and bacterial pathogens
CSF Samples of Patients (patCSF) within a patients sample. A series of preliminary tests

CSF samples of patients from di erent years and two hospital®r method development was conducted, including di erent
were tested as follows: (i) retrospectively compiled CSRost cell lysis methods, free NA depletion methods, and
samples of patients with suspected meningo-/encephalitiyA extraction methods $upplementary Datas 1.1, 1)2 The
hospitalized at the University Hospital Bern between Januargnethod starts with selectively lysing the host cells using a
2011 and December 2012. (ii) CSF of patients with suspectd@ad-beater Precel}24 tissue homogenizer with a Soft tissue
meningitis/meningo-/encephalitis submitted to diagnastatthe homogenizing Lysing Kit (CK140.5mL, Bertin Corp., CNIM).
Institute for Infectious Diseases at the University of Bafrthe  The settings were 6,200 rpm for 20 s repeated 3 times with 10s
year 2016 and 2017. The patCSF samples underwent accredifeiise in-between. The Precellysubes were then centrifuged
diagnosticsi(a. gqPCR, serology, optical tests, and cultures) andor 60 s at 10,000 g and the whole sample volume was transferred
the leftovers were frozen at80 C. A patCSF declared negativeto a new DNA LoBind 1.5ml tube (Eppendorf AG). In order
after extensive routine analysis was used as negative patQBFncrease capture e ciency of NA by paramagnetic beads,
sample. iii) CSF of patients with suspected meningitis/meaing an enzymatic degradation was performed. To degrade released
/encephalitis collected at the University Hospital of Basehim  eukaryotic NA, 0.5m Benzonase nuclease (Sigma-Aldri¢h,

year 2017. In contrast to the samples of i) and ii) the sampleMlerck KGaA) and 3.5 1 M MgSQ, (Sigma-Aldricth , Merck
were immediately aliquoted for accredited classic diaio®and KGaA) were added and incubated on a thermal shaker for 30 min
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at 37 C and 500 rpm. To deplete resulting NA fragments, 1.8XLibrary Synthesis Enzyme were added and incubated acaprdin
sample volume of AMPufe XP beads suspension (Agencdurt to the manufacturer's protocol for the subsequent ampli cati
Beckman Coulter, Inc.) was added and mixed by pulse-vortexeaction.

The mixture was pulse-spun, incubated at room temperature Ampli cation products of both kits were puri ed using the
for 15 min, pulse-spun again and placed on a magnetic rack fa@lAquick PCR Puri cation Kit (Qiagen N.V.) according to the
3min. The supernatant was transferred to a new DNA LoBindnanufacturer's protocol with some modi cations as previgusl
tube for subsequent NA extraction by the MagNA Pure 96 systemublished (Qechslin et al., 20)7During the entire work ow,
with the DNA and Viral NA Large Volume Kit and Viral NA DNA concentrations were measured using the QubilsDNA
Universal LV 1000 3.0.1 run protocol (500 or 1,d@Gnput, 50  High Sensitivity Assay Kit on the Qubit 2.0 Fluorometer

or 100ml elution volume) (Roche Diagnostics International AG). (Thermo Fisher Scienti ¢ Inc.) according to manufactuser'

protocol.
gPCR Analysis
Copy number of host and spiked pathogen NA in nativelon Torrent ™ Sequencing
surrogCSF and its change with host NA depletion werdn-house lon Torrent™ sequencing was performed. Libraries
estimated using gPCR. The primer systems used were ACTRere prepared according to the lon Xpr&slus and lon Plus
human (Hs01060665_g1) and Eukaryotic 18S rRNA Endogenoligbrary Preparation for the AB Library Buildéf System User
Control (FAM™/MGB probe, non-primer limited) (Thermo Guide using the lon Plus Fragment Library Kit (Thermo Fisher
Fisher Scienti ¢ Inc.), the mitochondrial NADH dehydrogase Scienti c Inc.).
subunit 1 (ND1) primer-probe set byde et al. (2002) the
validated in-house primer-probe set InfAM (M-protein) for Inf NA shearing
A, and the validated in-house primer-probe set entF3 %r NA shearing of puri ed ampli cation products was performed
pseud The qPCR analyses were performed on a LightCycler on a Covari§ M220 System according to tgpendix A of the
96 System (Roche Diagnostics International AG) using thabove mentioned guide. The shearing duration was adapted for
TagMan™ Fast Advanced Master Mix for DNA and TagMan the PicoPLEX and the WTA2 products to 250s for a nal 200
Fast Virus 1-Step Master Mix for RNA analysis (Appliedbp sequencing library.
Biosystem®', Thermo Fisher Scienti ¢ Inc.). The run protocols
of the respective master mixes for 45 cycles were: Fast Virus Size selection
Step: 300s at 5C, 20s at 95C, 45x (3s at 9%, 30s at 60C),  Size selection of the adapter-ligated fragment library was
Fast Advanced: 20s at 95, 45x (3s at 98, 30s at 60C). performed using the ready-to-use AgencéurAMPurd XP
Negative qPCR results in host NA depletion evaluations wergeagent (Beckman Coulter Eurocenter S.A.) as previously
set to a Ct-value 42 for calculation purposes. Copy numbers aggublished Qechslin et al., 20)71n brief, sequencing libraries
estimated given a Ct-value of 21 corresponding to a copy numbeatere mixed with 0.5X (400 bp) or 0.8X (200 bp) sample volume

of 10EC5 (slope of 3.33/log). of bead suspension and incubated at room temperature for
. . 5 min. Sample was then placed on a magnetic rack (Dynaltag
Next Generation Sequencing (NGS) 2 magnet, Thermo Fisher Scientic Inc.) for 3min until
Fragment Library Preparation for Shotgun cleared supernatant formed. The supernatant was transferred
Metagenomics to a new tube and mixed with 1.8X sample volume of bead

To be non-selective for DNA-/RNA-viruses and bacteria,suspension. The tube was processed as described above, except
extractives were reverse transcribed and ampli ed. The paltoc that supernatant was discarded. The pellet was washed twice
combined the reverse transcription (RT) kit SuperSctiptil by adding 500m of 70% ethanol, keeping it on the magnetic
First-Strand Synthesis SuperMix (Invitrog& Thermo Fisher rack and rotating 4 times gently. Ethanol was removed and
Scienti ¢ Inc.) and the whole genome ampli cation (WGA) the bead pellet was air-dried for maximum 5min. The pellet
kit PicoPLEX WGA Kit (Rubicon Genomics Inc., Takara Bio was re-suspended in 201 of Low EDTA TE buer (1X TE

Inc.) (applied method if nothing else is stated). Therefores t bu er, 10 mM Tris-HCL, pH 8.0, 0.1 mM EDTA, Thermo Fisher
manufacturer's protocol for SuperScriptill was altered and run ~ Scienti ¢ Inc.) preheated to 3€ and incubated for 2min

for 5min at 75C for the random hexamers primer annealing, at room temperature before putting the tube back on the
followed by 10min at 25C and 50min at 55C for RT. The magnetic rack. The supernatant, as nal size selected seqgen
RT product was diluted to 50 pgl of which, 1 m diluted library, was eventually transferred to a new tube. A further
RT product was mixed with 4mnl of Cell Extraction Buer size selection method used was the LabChiT fractionation

of the PicoPLEX" WGA kit and then proceeded according system (Caliper Life Sciences, Inc.) with the LabChigT

to manufacturer's protocol using 16 ampli cation cycles. TODNA 750 Assay Kit according to manufacturer's protocol
evaluate the potential bene t of a selective RNA ampli cation,with the following settings: Extraction mode: Size Range) (40
the Complete Whole Transcriptome Ampli cation Kit (WTA2, bp: 280 bp  20%, 200 bp: 314 bp 5%) and channel
Sigma-Aldrich , Merck KGaA) was used with a large input operation mode: eXtract and Stop (specied per sample in
volume. 18ml of extractives were mixed with 251 Library  Supplementary Table L

Synthesis Solution and 2 Library Synthesis Bu er, incubated Size distributions of sheared DNA fragments or size sefecte
for 5min at 70C and cooled down to 1&. Then, 2m libraries were assessed using the Agilent 2100 Bioanaygem
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with the Agilent High Sensitivity DNA Kit (Agilent Technolégs, assembly -query” “bacteria’[Organism] AND (latest[ Ité&dND
Inc.). “complet€genome’[ Iter] AND “chromoson@evel’| lter]

lon Torrent™ sequencing was performed on an lon Protdn  AND all[ Iter] NOT anomalous] lter])” | esummary | xtract
and an lon SB" System using an lon PY Chip Kit v3 and, -pattern DocumentSummary -if FtpPath RefSeq -element
respectively lon 53% (400 bp) or lon 548" (200 bp) Chip Kits.  FtpPath_RefSeq -else -element FtpPath_GenBdrekpccession
Sequencing template preparation was done using the lon'®hef numbers of the compiled assemblies for the custom Kraken
Instrument and the lon S%' Calibration Standard. Sequencing database are provided by the separ@tgplementary Table 5

output data are listed isupplementary Table 1 (Data Sheet 2). Previous to database building by Krakenatlve |
_ _ complexity sequence regions of the reference sequences were
lllumina" Sequencing masked to nucleotide ambiguity code N using DUSTofgulis

llumina” sequencing was used to reach higher sequencing al., 2005 The reduction of the false positive classi cations
depths as with lon Torreft' technology. The puried to species (noise) was performed according to a previously
ampli cation product was sent for library preparation and published procedureqechslin et al., 20)7Taxonomical pro les
sequencing to the Functional Genomics Center Zirich (FGCZ)were processed by viruses and bacteria individually. Reads no
The TrueSeq Nano DNA libraries were run on a HiSeq 2500 V4lassi ed by Kraken were locally aligned to the NCBI's non-
paired-end, read length 125 bp 350 bp insert size. Sequencifgdundant nucleotide database (nt; ftp:/ftp.nchi.nim.mgjbv/

output data are listed isupplementary Table 1 blast/db/nt.*) (download: 19. September 2017) using BLUAST

2.5.0 Qltschul et al., 1990(-max_target_seqs 1 -max_hsps 1
Sequencing Analysis The taxonomical classi cation rates per sample are listed in
Quality Filtering and Trimming, Adapter Trimming Supplementary Table 2

Quality of datasets was checked using FastQC version

0.11.5  (www.bioinformatics.babraham.ac.uk/projectttfe), Bowtie2

including ampli cation adapters\(Vard and Heuermann, 2007; Additionally to the k-mer based classication by Kraken,
Kamberov et al., 20)0 Quality trimming and ltering was sequencing reads were aligned to the respective representati
performed using Trimmomatic version 0.33 (minimum read reference genome of the diagnosed or spiked pathogen using
length of 31 bp) Bolger et al., 2094 Adapter trimming of Bowtie2 2.3.2l(angmead and Salzberg, 2)dth the options

lon Torrent™ data was performed by Trimmomatic while -X 800 and the pre-set options-end-to-end —sensitivéor
adapter trimming of Illumind data was performed separately lon Torrent™ and —local —sensitve-locér lllumina” data.
before running Trimmomatic using Cutadapt 1.9.2 and 1.14llumina" data were separately mapped as paired and unpaired
(Martin, 2019 with the options—times 5 —pair- lteDbothand an ~ data and the results were summarized. The reference segsienc
adapter list containing the respective ampli cation as welitees ~ of the respective pathogens were downloaded from the RefSeq or
sequencing adapters\fard and Heuermann, 2007; Kamberov Genbank databases and are listeGirpplementary Table 3

et al., 2010; Martin, 20)1Trimming output data are listed in

Supplementary Table 2 RESULTS
Taxonomical Classi cation Evaluation of the Host NA Depletion
Kraken/BLAST® Method

Trimmed reads were taxonomically classied using Krakerfirst, the e cacy of the host NA depletion method was evaluhte
version 0.10.5 beta(ood and Salzberg, 20)L.4or classi cation, by qPCR targeting host gDNA, mtDNA and rRNA as well as
trimmed paired-end reads were merged to Kraken single-endpiked bacteria and viruses comparing native to host NA deglete
read format using the read_merger.pl script of the KrakensurrogCSF. Total depletion of host gDNA yielded a 280,008-fo
package and catenated with the unpaired read output les ofeduction of host gDNA ( 130,000 standard deviation; stddev;
Trimmomatic. A custom database was built, since the defaulg; replicates), mostly with end results being qPCR negative.
Kraken database (“Standard”) was not kept up to date (lasthe total average loss of virus was 340-fold540 stddev; 5
update: December 2015) and did not contain a human refereng@plicates) and of bacteria 14-fold {0 stddev; 4 replicates).
genome. NCBI's EDirect (www.ncbi.nlm.nih.gov/books/To assess the net amount of depleted NA after host cell lysis,
NBK179288/) was used to download the reference sequencestefst NA depleted surrogCSF were compared to a native sample,
a) the human assembly Genome Reference Consortium Humast which the naturally free- oating NA were depleted prior
Build 38 patch release 10 (GRCh38.p10) (download: 22. Margh NA extraction using the AMPurfe XP paramagnetic beads
2017), b) all viruses (‘uncultured human fecal virus (VB85  reagent. The method yielded host gDNA net depletions of 3094-
removed, GenBank assembly accessions: GCA_00185774fpfy ( 1275 stddev) with negligible net losses of virus and
GCA_001857805.1, GCA_001857825.1) (download:  3@acterium (1.5-fold with 1.2 stddev and 1.2-fold with 0.5
November 2016), c) all genomes of bacteria in completgtddev, respectivelyfFigure 1).

status (download: 30. November 2016) and d) all genomes of

bacteria in chromosome status (download: 2. December 2018YTA for RNA Viruses

from the RefSeq (www.ncbi.nim.nih.gov/refseq/) or Genbaniext, the work ow for shotgun metagenomics was optimized
(www.ncbi.nlm.nih.gov/genbank/) databaseg¢esearch -db to detect RNA viruses in CSF samples. SurrogCSF samples
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DNA. Therefore, the use of a separate reverse transcription (R

10,000 SuperScript" 1l First-Strand Synthesis SuperMix) followed by
- 1000 - whole genome ampli cation (WGA; PicoPLEXWGA Kit) was
) ’ compared to WTA using spiked host NA depleted surrogCSF
S 100 - (Figure 3A). The metagenomics analysis of the 2-step RT-
o WGA approach produced fewer RNA virus but slightly more
.; 10 - bacterial reads compared to WTA (factor 3.1, 0.7, respeg)ivel
E 1 ' - (Figure 3B). The reference coverage of both the RNA virus and
l the bacterium was lower after RT-WGA compared to WTA
0 - (factor 2.6, 0.7, respectively), along with a higher maximum
<z: <zt | g g depth of coverage after RT-WGA (factor 0.6, 0.7, respecjively
a Q (4 S "= (Figures 3C,D.
o = - 9
g £ B o
2 < 4

Samples of Patients

FIGURE 1 | Evaluation of the host NA depletion method. Primer-probe tayets After successful |mplementat|on of the host NA depletlon

listed on x-axis: the actin B gene host cell genomic DNA (gDN/Athe and biOinformatiC§ 'anaIVSiS in surrogCSF, ] we validated the
mitochondrial NADH-ubiguinone oxidoreductase chain 1 DNAMtDNA), the procedure with clinical samples. Of all patient samples, two
eukaryotic 18S ribosomal RNA (host rRNA), the matrix protes of In uenza A aliquots were prepared, one as native and one as host NA

virus (virus), the putative siderophore biosynthesis prein of
Y. pseudotuberculosis(bacterium). Y-axis shows the net amount of depleted
NA after host cell lysis as fold reduction in decimal logahin scale comparing

depleted. Since the host NA depletion method presented with
substantial depletion of host DNA, two-step RT-WGA was

depleted to native samples of which the naturally free- oatig NA were applied for ampli cation instead of WTA. Furthermore, WGA
depleted previous to NA extraction using AMPure XP beads reagent. Test may ampli ed less host RNA compared to WTA, but included
was performed in 5 biological replicates and in 4 for bactegi The error bars clinically important DNA viruses and supported detection of

depict the standard deviation of the mean fold reduction ofhe replicates.

bacteria.

Clinical CSF Samples
were spiked with three 100-fold dilutions of In uenza A virus In patCSF samples, we detected the same pathogen as previously
H3N2 followed by sample preparation and NA extraction usingidenti ed by routine diagnostics in eight of thirteen casesing
the MagNA Pure 96 system (copy number estimates based @nr NGS approach in native and/or host NA depleted samples. A
gPCR Ct-value: native with 3.7, 1.4EE4, 1.5, and host NA patCSF sample with a gPCR Ct-value 24 for Varicella-zoster virus
depleted with 4.4E4, 47, 1.5, respectively). The extractives weréVZV) resulted in a positive NGS result with 0.0033% of reads
reverse transcribed and ampli ed using a whole transcriptomelassi ed by Kraken to the respective pathogen. Additionally,
ampli cation kit. The gPCR revealed an e ective depletion of 1.2E-4% of the unclassi ed reads were assigned by BLAST
host NA (host gDNA: 6, mtDNA: 2, host rRNA: 5 log cycles),(273, 10 reads, respectivelyJable 1 sample 1, 2). Bowtie2
but a loss of RNA virus (virus: 2—-2.5 log cycles) compared to theeference alignment assigned fewer reads to VZV compared
native samplesFigure 2A). On the other hand, the lllumifa  to the Kraken/BLAST analysis (252, 283 reads, respectively).
sequencing output analyzed by Kraken/BLASTesulted in an PatCSF with low virus copy numbers (high Ct-values) ended up
increase of Inf A H3N2 reads by host NA depletion of 3.9 and 2.in just few reads taxonomically classi ed by Kraken/BLAST
log cycles for the vitol and v1to100 samples, respectivelgieBes more speci cally in native sample 3 (Ct-value 30.0, 1.7E-4%
reads assigned to spiked viruses, the vast majority of @édssi reads, 12 reads for HSV-1) and native sample 5 (Ct-value
reads belonged to the host (in average 98.8%) and to numero@§.5, 3.6E-5% reads, 3 reads for Enterovirus)raiile 1 No
species likely derived from contaminations or referencadase reads of all three host NA depleted patCSF were assigned
issues $upplementary Table % Nevertheless, evaluation of the to the respective pathogen. Bacteria positive samples detected
taxonomic pro les revealed the spiked virus species in all sasnpl®y routine culture diagnostics resulted in more taxonomiical
except of gPCR and sequencing negative native v1to10,0@assi ed reads for sample 12 and 13 (positive for group A beta-
Reference alignment showed similar values with 3.2 (vitoX)emolytic Streptococci, e.d5, pyogenesative: 0.0037% reads,
and 1.6 (v1to100) log cycleFigures 2B-D). The lowest virus 4247 reads and host NA depleted: 9.2E-4% reads, 882 reads) but
concentration (v1to10,000) was only detected within thetheA  less reads for sample 22/23 (positive raureusnative: 5.3E-
depleted surrogCSF with a few reads assigned to Inf A H3N3% reads, 14 reads / host NA depleted: 2.8E-5% reads, 7 reads).
(Kraken/BLAST® : 34 reads, 1.5E-4%, Bowtie2: 115 reads, 1.1Eurther patCSF results are listedTable 1 Unbiased evaluation
4% with 6% reference coverage and 4.5E-5% maximum depth @fthe metagenomics pro les supported the diagnosed pathogens

coverage). in sample 1 and 3 by clearly pointing out the pathogen species,
despite the overwhelming proportions of host classi ed reads
WGA for DNA Viruses and Bacteria (85.6 and 81.8%, respectively) and numerous species likely to

Since our aim was to simultaneously detect RNA and DNA, as ariginate from contaminations or erroneous reference ssmes
next step, we adjusted the protocol to include bacterial anal vi in the database.
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FIGURE 2 | Whole transcriptome ampli cation kit (WTAZ2) for the metageomic fragment library preparation for RNA virus spiked surgate CSF samples with three
100-fold dilutions (v1tol, v1to100, v1t010,000) of In uenzaA virus H3N2 virus (v; Inf AXA) gPCR and (B-D) sequencing results of native and host NA depleted (depl
samples WTA2 ampli ed and NA extracted by automated MagNA Pw 96 system with the DNA and Viral NA Large Volume Kit and the rdl NA Universal LV 1000
3.0.1 run protocol. (A) Primer-probe targets listed on x-axis: the actin B gene hostell genomic DNA (host gDNA), the mitochondrial NADH-ubidaone
oxidoreductase chain 1 DNA (mtDNA), the eukaryotic 18S ritsmmal RNA (host rRNA), the matrix proteins of Inf A H3N2 (vifusThe y-axis shows the cycle threshold
value (Ct-value) in steps of 3.33, representing an approxiated 10-fold reduction of copy number.(B) Taxonomical classi cation of reads to Inf A H3N2 by exact
k-mer mapping (Kraken) to a custom database of human, viruseand bacteria assemblies from RefSeq or Genbank complemegt with local alignment to the NCBI's
nt (BLAST ) of unclassi ed reads by Kraken.(C) % Reference sequence coverage andD) reads aligned with maximum depth of coverage (Max depth) regts of
reference sequence alignments (Bowtie2) to Inf A H3NZB-D) Y-axis shows the number reads in % respective to the total reds that were taxonomically classi ed or
assigned as unclassi ed by Kraken in decimal logarithm scale

Serum aliquot, respectively). A reference alignment (Bowtie2)vatmb

To further investigate the applicability of our work ow to oeln  a slightly better reference coverage (19.6, 11.8%) with more
sample sources, the serum of a patient with a severe Andes virteads (50, 0.0011; 30 reads, 3.8E-4%) and accordingly ar highe
(ANDV, genus Orthohantavirus) infection was processed in anaximum depth of coverage (10, 2.2E-4; 8 reads, 1.0E-4%) of the
biosafety level 3 laboratory. ANDV was detected by routiRER  native compared to the host NA depleted serum.

diagnostics at a Ct-value of 27. After a second thawing siep f

subsequent NGS analysis, the control gqPCR of the native sampllose Swab

was negative, whereas the virus was detected at Ct-valbién35. Host NA depletion and our NGS approach was furthermore
the host NA depleted sample. Kraken did not classify any readspplied to a nose swab taken from a volunteer on the fourth
to ANDV, but BLAST assigned more reads to the host NAday of a common cold infection. The volunteer had already
depleted serum compared to the native sample: 74 reads (9.5&dministered a u nasal spray and took antiseptic and anestheti
4%) and 40 reads (8.6E-4%), respectively. Unbiased evaluatimaches for sore throat medication. The diagnosed Rhinaviru
of the taxonomic pro le sustained the diagnosed pathogenneveinfection by qPCR (Ct-value 35.25) could be clearly con rmed
though there was a high background signiah.(host classied by NGS through unbiased evaluation of the taxonomic pro le
reads of 88.7% and 47.3% of the native and the host NA depletedl Kraken/BLAST regardless of the high background signal
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FIGURE 3 | Comparing whole transcriptome ampli cation (WTA) to a revese transcription and whole genome ampli cation (RT-WGA) apach for shotgun
metagenomics analysis of a host NA depleted surrogate CSF saple spiked with RNA virus In uenza A virus H3N2 (Inf A) and baate Y. pseudotuberculosis

(Y. pseud). (A) gPCR and (B-D) sequencing results WTA2 compared to SuperScriﬁ’VI Il First-Strand Synthesis SuperMix followed by PicoPLEX WGA Kit

ampli cation systems for sequencing library preparation oNA extracted by MagNA Pure 96 with the DNA and Viral NA Large Wame Kit and Viral NA Universal LV
1000 3.0.1 run protocol. (A) Primer-probe targets listed on x-axis: the actin B gene hostell genomic DNA (host gDNA), the mitochondrial NADH-ubiqmone
oxidoreductase chain 1 DNA (mtDNA), the eukaryotic 18S rikmmal RNA (host rRNA), the matrix proteins of Inf A (virus) gtputative siderophore biosynthesis protein
of (bacterium). The y-axis shows the cycle threshold valu€{-value) in steps of 3.33, representing an approximated 1dold reduction of copy number.

(B) Taxonomical classi cation of reads to Inf A andY. pseud., respectively, by exact k-mer mapping (Kraken) to a custom atabase of human, viruses, and bacteria
assemblies from RefSeq or Genbank complemented with locallgnment to the NCBI's nt (BLAST ) of unclassi ed reads by Kraken.(C) % Reference sequence
coverage and (D) reads aligned with maximum depth of coverage (Max depth) rests of reference sequence alignments (Bowtie2) to respeite species.(B,D) Y-axis
shows the number reads in % respective to the total reads thatvere taxonomically classi ed or assigned as unclassi ed by Kaken in decimal logarithm scale.

(i.a. Cutibacterium acnedassi ed reads of 0.3 and 57.6% of theof the most prominent virus species in a set of twelve
native and the host NA depleted aliquot, respectively). Krakesamples.Supplementary Figures 1A,Bare the corresponding
classi ed the Rhinovirus to Human rhinovirus A and speci edi gures for bacteria and a merged view of fungi, parasites,
by BLAST(R) to serotype HRV-A3Figure 4) (Kraken: native: plants, and vertebrates other than human. The listed samples
44 reads, 4.2E-4%; host NA depleted: 8 reads, 7.1E-5%; BLASTomprise native and host NA depleted surrogCSF, diagnosticall
native: HRV-A31: 0.4%, 37,282 of HRV-A: 40,837 and HR\positive and negative samples of patients (patCSF, nose swab,
41,085 reads; host NA depleted: 0.06%, 7,041 of HRV-A: 7,658rum) and negative controls. Including viruses and baater
and HRV: 7,715 reads). Reference alignment (Bowtie2) exbult detected by routine diagnostics, the set of samples showed
in few reads mapped for the native (3 reads, 2.9E-5%, covera@d: virus, 30 bacterium, 3 fungus, 6 parasite, 2 plant, and 7
1.7%, maximum depth of coverage: 2 reads), whereas no rewertebrate species other than human dominating at least in
could be mapped of the host NA depleted sample to HRV-A.  one of the respective taxonomic pro les of summed reads of

. L Kraken/BLAST analysis.
Negative Controls, Contamination, and Indeed, spiked Inf A virus in surrogCSF and previously
Noise identi ed pathogens by routine diagnostics in patCSF were
To assess contamination in human and surrogate sampldgxonomically assigned in the respective samples, but Inf
detected by shotgun metagenomics, negative controls wefe was also detected with a few reads in the host NA
included in the analysigzigure 5shows an abundance overview depleted negative patCSF. Herpes simplex virus (HSV-1,-2) was
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laboratory associated bacterial contamind@uyrelia/-ellagenera
and Coxiella burnettiiassigned reads could not be de nitely
identi ed as such.Ralstonia solanacaerums obligatory and
C. acnesas opportunistic human pathogens were assigned in
all samples. The majority of the predominant bacteria species
are putative contaminants of the human ora, but are also
reported to cause severe infections, includirigemophilus
para-/inuenza,  Neisseria  meningitides Staphylococcus
aureus or pneumoniag or opportunistic infections, i.e., with
Burkholderia cepagcid&othia mucilaginoséSerratia marcescens
Moreover, AcinetobacterBacillus Legionella Mesorhizobium
MethylobacteriumPseudomona®Ralstonia and Sphingomonas
FIGURE 4 | Nose swab sequencing results of previously de ned Human genera amongst others have been related to contamination
rhinovirus (HRV) infection by gPCR. Taxonomical classi dan of reads to during Samp]e preparation using di erent reagent§dter
HRV-A, HRV-A31, and HRV other than HRV-A by exact k-mer mappg et al., 201} Delftia acidovorangnd sp. Csl-4Acinetobacter
(Kraken) to a custom database of human, viruses and bacteriassemblies L .. . . .
from RefSeq or Genbank complemented with local alignment tthe NCBI's nt Junu and _baum_qnnu ROthI_a mu_(:l_laglno_"saand Streptococcus
(BLAST ) of unclassi ed reads by Kraken. X-axis indicates the nativand the thermophilus mitis, and epidermidisare in average the most
host NA depleted (depl) preparation. Y-axis shows the numbereads in % represented bacteria species in the listed samples of pattedts (
respective to the total reads that were taxonomically classed or assigned as 2.0 (8.5), 3.8,0.4 (4.8), 2.8 (3_2)’ 20,1.4,1.1 (4_5)9@M|y)_
unclassi ed by Kraken in decimal logarithm scale. These species along with the most of the other prominent
bacteria were detected in the negative controls of the sasgile
as well as in negative controls of other institutior&a(ter et al.,
2019.
additionally detected in Illlumina sequenced patCSF samples The parasiteSpirometra erinaceieuropaei as human obligatory
and within the native negative controls of water and PBS. Opathogenand the unexpectedProtopolystoma xenopodidong
the predominant viruses, tick-borne encephalitis virus (MBE with unexpected vertebrates other than humapteryx australis
West Nile virus (WNV) and Zaire Ebola virus (ZEBOV) mantelli, Cyprinus carpio, Mus musculus, Odocoileusnangiis
could be identi ed as laboratory associated contaminanig d texanus, Ovis canadensis canadensis, Sus samdfdhe plant
to simultaneous processing of inactivated samples (reverdeiticum aestivumwere assigned in all the considered samples.
transcription, ampli cation) for Sanger and/or whole genome Lastly, host NA depleted samples displayed generally more
sequencing in the same laboratory room. Additionally degdc multifaceted pro les with more reads to the single speciesitha
Lassa, Guanarito, and Dengue virus by NGS were possibilye corresponding native preparation, except in the negative
laboratory associated contaminants due to the same reason @ontrols and the negative patCSF samples.
mentioned before, but could not be de nitely conrmed by
speci ¢ PCR. Other human pathogenic viruses including the
Epstein-Barr virus (EBV), the Respiratory syncytial virus (RSV DISCUSSION
the Picobirnavirus (PBV), the Human immunode ciency virus
type 1 (HIV-1), the Human papillomavirus (HPV) and the Metagenomics to screen for unclear or unknown infectious
Macaca mulatta polyomavirus 1 (SV-40) were predominantletiologies has been recently applied in several clinical cases to
assigned in the viral taxonomic proles in at least one ofsupport routine diagnosticsJordey et al., 2014; Naccache et al.,
the human, the surrogCSF and the negative control sampleg015; Ortiz Alcantara et al., 2015; Kawada et al., 2016;eWyli
The unexpected Montastraea cavernosa colony-associatesl viet al., 2016; Lewandowska et al., 2017; Ruppé et al.).20k€
(M.c.c.a.V) was predominant in the native and (besides théor every eukaryotic sample, NGS analyses in clinical samples
spiked Inf A) the host NA depleted surrogCSF samplesare greatly a ected by a very low pathogen-to-host genome ratio
sequenced on an lon Torreft platform, but not in sample This challenge has been addressed in a variety of protocols fo
aliguots sequenced on an lllumihaplatform. On the other pathogen enrichment or host NA depletiom{ander et al.,
hand, many reads were assigned to M.c.c.a.V in a nativ&)01; Hall et al., 2014; Jensen et al., 2015; Kohl et al., 2015;
patCSF (sample 10ablel) and a native negative patCSF Lewandowska et al., 2015; Ruppé et al., 2017; Sabat et al,
sequenced on an lllumiraplatform. Further unexpected viruses 2017. Nevertheless, these methods are focusing on a subset of
were the Blueberry shoestring virus, the Citrus endogenousathogens, i.e., on bacteria or viruses (RNA or DNA). In this
pararetrovirus, the Grapevine associated totivirus-1 and thstudy, we developed a host NA depletion method that selegtivel
Mollivirus sibericum. lyses eukaryotic cells and preserves both, intact bacteida a
Regarding bacteriaCutibacterium acnewas excluded due viruses. Then the liberated eukaryotic NA are depleted amd th
to an overwhelming presence of 65% in average, except in tmemaining genomic material of bacteria and viruses is exée
native v1tol (2.4 and 0.4%, sequenced on a lonToffeaind  Subsequently, a reverse transcription and ampli cation isiedr
an lllumind platform, respectively) and native EnteroV (10) out on the extractives. Finally, a template preparation, the
(6.4%) samples. Whil€rancisella tularensigas identied as sequencing and data analysis are performed. The work ow was
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FIGURE 5 | Abundance overview of most prominent virus species in shoignh metagenomics pro les in at least one across a set of diffenet samples comprising
native (nat) and host NA depleted (depl) surrogate CSF sangd spiked with In uenza A virus (Inf A) and ampli ed using whole anscriptome ampli cation (WTA2) and
samples of patients and negative controls (nc) ampli ed usip sequential reverse transcription and whole genome ampliation (SuperScript M 11l First-Strand
Synthesis SuperMix, PicoPLEX WGA Kit) including CSF samples of patients the pathogen wasadected in high (VZV) and low (HSV-1) amounts, diagnostidyl
negative (neg.), and of unknown disease etiology accompagil by PCR grade water nc (H20), furthermore a nose swab (noseRV) accompanied by PBS nc, and a
serum (serum ANDV). Majority of samples were sequenced on don Torrent™ on S5™ using lon 540™ Chips, few were sequenced on an lllumina HiSeq 2500
V4 paired-end (*) on1/2 lane (nat and depl EnteroV (samples 10, 11 dfable 1), nat and depl neg.), respectively oﬁ/G lane (nat and depl v1tol Inf A). HRV, Human
rhinovirus; EnteroV, Enterovirus genus; ANDV, Andes virusSV-1,-2, Herpes simplex virus 1 and 2; VZV, Varicella zast virus; EBV, Epstein-Barr virus; M.s., Mollivirus
sibericum; GemycV, Gemycircularvirus genus; ZEBOV, Zaigbolavirus; WNV, West Nile virus; TBEV, Tick-borne enceplhitis virus; Bl.sh.V, Blueberry shoestring virus;
RSV, Respiratory syncytial virus spp.; PBV, PicobirnavsuM.c.c.a.V, Montastraea cavernosa colony-associated wiis; SV-40, Macaca mulatta polyomavirus 1;
LassaV, Lassa virus; HPV, Human papillomavirus spp.; HIV-Human immunode ciency virus type 1; Guanar.V, Guanarito uis; Gr.a.t.V, Grapevine associated
totivirus-1; DengueV, Dengue virus spp.; C.end.p.V, Citsiendogenous pararetrovirus; CaudoV, Caudovirales ordeoily Kraken results).

evaluated using a CSF surrogate of an infectious etiology arfSwitch From WTA to Two-Step RT-WGA to

applied to samples of patients. Include DNA Viruses and Support Bacteria
Due to successful host DNA depletion and to prevent
ampli cation favorable for host RNA the protocol was switched

Host NA Depletion Method Effectively to two-step RT-WGA. Comparison to WTA revealed no notable

Reduc_es Host NA Fraction a_nd Enables di erence regarding the recovery of spiked RNA virus, except for
Detection of Low Concentrations of the percent reference coverage. Moreover, the overall seingen
Pathogens quality specied by the number of usable raw reads after

The proposed host NA depletion method achieved a net hogdutomatic quality Itering by the sequencing platform in reita

NA reduction of 3100-fold with negligible net losses of Inf Ato the loading of the sequencing chip resulted in a betterale
virus andY.pseudbacterium in preliminary qPCR evaluations of sequencing quality for RT-WGA compared to WTA (ratio of 0.51
surrogCSF replicates spiked with even pathogen concentsatiorfnd 0.74, 0.33 and 0.16 for native and host NA depleted samples,
Three surrogCSF spiked with a 1:100 dilution series of Infespectively). Our approach composed of a separate RT followed
A virus conrmed stable results of host NA depletion. Theby a WGA step supported our aim to combine bacteria and
net depletion of host NA was directly related to the method virus shotgun metagenomics work ow, thus enabling detauti
while the rest was due to artifacts of normally lysed HUH70f DNA viruses (e.g., HSV-1yhitley and Kimberlin, 200p
cells and pathogens from cultures. For two samples Spike@ausing severe CNS infections. Besides, a second RT-WGA kit
with Inf A virus dilutions (1:1, 1:100) four and two log cysle combination consisting of the SunScrijftReverse Transcriptase
more reads, respectively, were assigned to the virus spec¥ase H- or FC Kit and the TruePrimé" Single Cell WGA
due to host NA depletion. While no virus could be detectedKit (Version 1.0, Sygnis AG) using a primase instead of a
in the native 1:10,000 virus dilution, neither by qPCR norrandom hexamer is a truly unbiased ampli cation without read
by shotgun metagenomics, 34 reads (1.5B%) could be shortening and contamination by adapter sequences. However
assigned to the spiked virus subtype following host NA deptetio €ven after several optimizations coverage depth was poor.
The positive e ect of the host NA depletion method on the Although the overall sequencing quality was the best for the
spiked pathogens persisted also after the ampli cation procgssirnative samples, it was clearly not ideal for the host NA depleted
(Supp|ementary Figure 7 samples (ratio of 0.68 and 0.08).
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Rapid and Moderate Comprehensive A Straightforward and Rapid Work ow
Sequencing Analysis Followed by Suitable for Clinical Application
Exhaustive Remnants Analysis The developed host NA depletion method is straightforward

The proposed Kraken and BLAST bioinformatics pipeline and requires c_>n|y 10 min hands-on_ and 50 min incubation time.
unies a straightforward virus and bacteria taxonomic The enzymatic and bead depletion steps can be performed
classi cation by Kraken and a slower conrmation part Using a pipetting robot. Adding automated NA extraction,
for the completion of recent or unexpected species byOmin machine run time follows. Reverse transcription and
BLAST®. Initially, preliminary tests were performed to @mplication of RNAalong with DNA and following puri cation
reduce data and increase the specicity by comparingeduires 3Qm|n hands-on .and 3.3h machine run time. lon
several tools for ale novoassembly. Tools included MIRA Torrent™ library preparation, template preparation (o/n),
(Chevreux et al, 1999, 2000using the Overlap-Layout- Seguencing and base-calling for one lon B4Chip on an lon
Consensus assembly and a greedy approach algorithS" XL take 18.6 h. Subsequent bioinformatics analysis up to
IDBA-UD (Peng et al., 20)2especially designed for unevenassessment of the taxonomic pro le of Kraken takes on average
sequencing depths of metagenomic datasets, and SPAdEB. With developing sequencing technique, the sequencing
(Bankevich et al., 20)2 which was already Successfullytime will decrease promoting an even faster turnaround time
applied to metagenomics analysesle(ser et al., 2017; (Greningeretal., 2035

Papudeshi et al., 20.7None of these tools improved the

analyses of our data neither focusing on the taxonomicaf\Pplication to Clinical Samples

classi cation nor the reference alignment (data not shown)The e ectiveness of the host NA depletion method to shift the
Similarly, a clustering approach using CD-HITLi( and NA ratio to the spiked pathogens in the surrogCSF could not
Godzik, 2006; Fu et al., 201dr UCLUST Edgar, 201p be reproduced in host NA depleted CSF samples of patients.
resulted in a vast number of clusters containing just alhree patCSF, previously de ned by diagnostic gPCR to have
few reads. This was not surprising after identi cation e.g.2Pproximately 1:100 dilution steps in pathogen concentration
of various contaminations which increased complexity(Ct-value 24.1, 30.0, 35.5), were compared to the surrogCSF
of samples. Moreover, a pathogen screening approadiPiked with similar 1:100 dilution series of Inf A virus (Ct-
performing alignments to a custom reference databasealue 20.7, 28.8, no qPCR detection). Reads of the previously
using STAR Dobin et al., 2018 or Bowtie2 (angmead diagnosed pathogens were assigned by Kraken/BLASTlysis
and Salzberg, 20)avas considerably more time consumingin each of the patCSF, but only in the native and none in the
compared to Kraken. Finally, a taxonomical classicationhost NA depleted samples. Besides, the percent of assigned
using Centrifuge Kim et al., 201p was promising to reads in the patCSF samples did not re ect the expected 1:100
substitute Kraken/BLAST analysis due to its ability to Pathogen dilutions compared to the surrogCSF, but resulted
use the whole nt database requiring only processing powdh dilutions of 1:16 and 1:4 (0.0034, 1.7E-4, 3.5E-5%, 283, 12
of a conventional desktop computer. Due to Centrifuge's3 reads, respectively). Accordingly, the nose swab presented
algorithm to assign a read to up to 5 taxonomic categoriedewer reads in the host NA depleted sample than in the native.
in contrast to Kraken/BLAST assigning one read to one This observation can presumably be ascribed to the delayed
match, interpretation of metagenomic proles prove tosampling in the convalescent phase. Importantly, the host NA
be more challenging. Moreover, Kraken was benchmarkegélepletion method was successfully applied in a serum of a patient
to other tools and scored in the top range for speedWith severe ANDV infection, where BLAST analysis in the
sensitivity and selectivity Wood and Salzberg, 2014; host NA depleted aliquot doubled the number of reads. This
Tausch et al., 2015; Kim et al., 2016; Lindgreen et alpositive result of pathogen reads enrichment following host
2016; Menzel et al., 20)6Kraken performs best, when NA depletion is likely explained by the sample quality. After
all expected species of a sample are represented in tRampling, the serum was directly prepared for transport to the
of results of Kraken relies on an appropriate databaseinother reason might be the integrity of the pathogen beirggle
The custom database used in this study includes complefeected in serum thanin CSF.

reference or representative genomes of all available @ruse ) o o

and bacteria as well as a human genome. Preliminafrurther Metagenomic Analysis in Clinical

results emphasized the importance to include e.g., a humaB8amples

genome into the database, as otherwise a preeminent numbEkcept for the highest concentrated pathogen previously
of reads were false-classied to the human endogenougdiagnosed by qPCR (VZV Ct-value 24.1, 0.0034%, 283 reads),
retroviruses. Adding to the issue, it was discovered, thato pathogen could be considered as obvious etiological cause
representative reference genomes like carp and sweigtthe remaining 12 patCSF analyzed by NG@8ke 1). Due to
potato, are contaminated by adapter sequences or bacteriaigh background signal of the shotgun metagenomics pro le,
DNA  (http://www.opiniomics.org/we-need-to-stop-making- sorting the results for bacteria and viruses improved attleas
this-simple-fckingmistake/). the evaluation of the viral results, preventing it from being
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overwhelmed by the dominating bacterial signals. Thereby, samples were spiked with DNA viruses concentrations of Ct-
suspected HSV-1 infection of a patCSF with Ct-value 30.0 {1.7kalues 21.0 to 24.6 followed by depletion using a detergent
4%, 12 readgable 1) could be con rmed in the native aliquot.  based selective host cell lysis and DNase treatment. A alinic
Additionally, Kraken/BLAST results of previously detected nasopharyngeal aspirate with Human adenovirus of Ct-value
pathogens by routine diagnostics were compared across a .9 was analyzed to evaluate the procedure, which suctgssful
of patCSF (5 viruses, 2 bacterigable 1 samples 10-23), and enriched pathogen's read counts. On the contrary, human
1 negative). Kraken assigned a small number of reads to virahmples used in our study had Ct-values of 27 and higher (except
pathogens, but did not ful Il our prerequisites to be considdr sample 1, Zrable 1with Ct-value 24). Moreover, in contrast to
speci c. Inconsistent with routine diagnostics, e.g., ineth our study, the CSF samples in Hasan's study have not been frozen
majority of samples a few reads were assigned to Herpes simpleefore NGS analysis, which possibly a ected the pathogens'
virus 2 (HSV 2), a few to Varicella zoster virus in the nega@8F  integrity in our samplesRuppé et al., 20)7n addition to be
and no reads to JC virus. On this account, shotgun metagec®midamaged e.g., due to advanced host immune response at the time
pro les of clinical samples with low concentrations of pathonge of sampling or rapid administration of unspeci ¢ medication as
have to be interpreted with caution. In general, metagenomican immediate measure. Unknown in uences a ecting shotgun
pro les should be interpreted in accordance with physiciansmetagenomics results might be revealed by reproducing Hasan
knowledge of underlying diseases. Despite, some publicatioapproach by spiking our clinical in ammatory CSF samples
base the detection or con rmation of a pathogen by shotgurwith de ned pathogen concentrations. A comparison of our
metagenomics on just few reads, comparable to insigni canbead-beating to Hasan's detergent host cell lysis is of furthe
results due to high subsidiary pathogen signals of the preseiiterest.
study (Feng et al., 2008; Palacios et al., 2008; Lewandowska et al.In conclusion, the proposed host NA depletion method for
2017. shotgun metagenomics analysis successfully increaseéats
The shotgun metagenomics bar grapksgre 5 of the most  proportion of intact viral and bacterial pathogens in spiked
abundant species give insight into the complexity of shotgursurrogCSF. Due to the sensitivity and non-selectivity of the
metagenomics results. True species diversity of the samplerandwhole shotgun metagenomics work ow, a high number of
contaminations and noise are high and hardly distinguiskabl reads was assigned to the host portion and various human
A noise reduction can be achieved by ruling out species whichtommensal bacteria and laboratory environment contamtaan
have a low reads amount that are abundant across sevefHhus, metagenomics analyses do currently not permit the
species Qechslin et al., 20)7 The sensitivity of the shotgun proposition of a clinically signicant detection threshold.
metagenomics method is impressive as low concentrated RNAs routine diagnostics in patCSF usually deals with low
virus subtype spiked into surrogCSF could not be con rmed byconcentrations of the pathogens, previous medication using
gPCR. Bacterial and viral contaminations liRalstoniaspp. or  antibiotics and antivirals as well as the sampling time point
Legionellaspp. in NGS approaches observed in this study havadditionally impact the integrity and presence of viruses and
already been identi ed to derive from commercial reagekis, bacteriain CSF.
hardware like columns, and ultrapure watétdlston et al., 1973; Summarizing, shotgun metagenomics is a promising tool
Kayser et al., 1975; Kulakov et al., 2002; van der Zee e0@®; 2 for supporting diagnostics of CNS infections, but is currently
Evans et al., 2003; Newsome et al., 2004; Peters et al. AZ2Il&4; not applicable as a standalone method. The signi cance of the
et al., 2005; Shen et al., 2006; Naccache et al., 2013;ealker outcome is highly depending on sample quality, contamination
2019. Contamination by human ora during sampling has to be by the human ora and laboratory environment, thus a
considered as well, but proves challenging as opportunisti& CNoroper sample preparation in addition to a well-curated and
infections byRothia mucilaginossComamonas testosterpor  comprehensive reference database has to be implemented for
Delftia acidovoranbave been describe& (o , 2002; Arda et al., future clinical use of shotgun metagenomics.
2003; Jin et al., 2008; Lee Md et al., 2008; Yamane et al., 2010;
Kaaschetal., 2011; Khan et al., 2012; Orsini et al., 20 dafen
etal., 2014; Bilgin et al., 2015; Salzberg et al.,)2016 DATA AVAILABILITY STATEMENT
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