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Abstract

Metagenomic sequencing for pathogen detection has traditionally suffered from low sensitivity due to the
overwhelming presence of host nucleic acids. Commercial host-depletion kits are often prohibitively expensive and
limited to specific species, hindering adoption in resource-limited settings, where the burden of zoonotic diseases
is highest. To address this, we optimized and combined Sequence-Independent Single Primer Amplification (SISPA)
with Depletion of Abundant Sequences by Hybridization (DASH), establishing a low-cost metagenomic protocol on
the Oxford Nanopore sequencing platform. Our approach can be adapted to any species to detect microbial RNAs

Nanopore, Pathogen

in serum samples at PCR-range sensitivity, outperforming existing methods in the field.
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Background

Pathogen sequencing has become a major cornerstone of
public health surveillance and disease control by increas-
ing our understanding of pathogen biology, epidemiology,
diversity and evolution [1]. Whole-genome sequences
are generally obtained through targeted methods such
as PCR amplicon sequencing. Although these methods

*Correspondence:

Philippe Selhorst

pselhorst@itg.be

'Department of Biomedical Sciences, Virology Unit, Institute of Tropical
Medicine, Antwerp, Belgium

The Outbreak Research Team, Institute of Tropical Medicine, Antwerp,
Belgium

3Universidad Peruana Cayetano Heredia, Instituto de Medicina Tropical
Alexander Von Humboldt, Grupo de Virologfa, Unidad de Epidemiologia
Molecular, Lima, Peru

“Department of Biomedical Sciences, Virus Ecology Unit, Institute of
Tropical Medicine, Antwerp, Belgium

*Evolutionary Ecology Group, University of Antwerp, Antwerp, Belgium
5Department of Biomedical Sciences, University of Antwerp, Antwerp,
Belgium

K BMC

are sensitive and inexpensive, they require prior knowl-
edge of the pathogen, perform poorly on highly variable
genomes, and are unable to detect co-infections or novel
pathogens. Metagenomic sequencing on the other hand,
does not suffer the same drawbacks as it comprises the
untargeted sequencing of all genomic material present
in a sample. Although these untargeted methods have
revolutionized microbiome research, clinical diagnostics,
and virus discovery [2], one major challenge remains the
overwhelming presence of host nucleic acids in the sam-
ple which severely reduces their sensitivity for pathogen
detection. This necessitates the introduction of additional
host-depletion or target enrichment steps resulting in
more complex and expensive protocols in comparison to
the traditional, targeted methods.

One of the more frequently used metagenomic
sequencing methods is based on reverse transcription
(RT) and second strand synthesis of all RNA using a
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random nonamer with a known overhang and the subse-
quent amplification of the double-stranded (ds) comple-
mentary DNA (cDNA) by Sequence-Independent Single
Primer Amplification (SISPA) [3]. This method was suc-
cessfully used to retrieve full genomes of dengue virus
(DENV), and chikungunya virus (CHIKV) [4] and its
application on the Oxford Nanopore (ONT) minlON
platform allowed for a rapid, in-field outbreak investiga-
tion of Lassa virus in Nigeria [5]. Although this protocol
showed potential for use in resource-limited settings, it
allows for several improvements. Most importantly, the
lack of a host-depletion step in this protocol severely
limits its ability to detect and sequence low-abundance
pathogens in blood such as Zika virus (ZIKV) and West
Nile virus or to catch infections during convalescence.

A commonly used method for host-depletion in
viral metagenomics is the use of nucleases (Benzo-
nase + micrococcal nuclease) [6] prior to extraction to
digest unprotected, free nucleic acids in the sample that
are not packaged in virions. Although cheap and easy
to perform, to what extent different viruses are pro-
tected and how it compares to other methods, remains
unclear. In contrast to nucleases, multiple commercial
kits exist that can selectively deplete ribosomal RNAs
(rRNAs). One example is Qiagen’s FastSelect reagent, a
pool of locked nucleic acid-containing DNA oligos with
extremely high melting temperatures that can be hybrid-
ized to the unwanted RNA to block subsequent RT. How-
ever, commercial kits are often cost-prohibitive as they
can easily double the cost per sample sequenced. More-
over they are only available for certain key species such
as human, mouse, and rat, making them inflexible for
research on other organisms.

A more promising and affordable host depletion
method is DASH (Depletion of Abundant Sequences
by Hybridization) which was pioneered by Gu et al. [7]
to deplete human mitochondrial rRNAs (12S and 16S)
in cell extracts. Single-stranded guide RNAs (sgRNA),
each designed with complementarity to a 20-nt long
genomic target, are complexed to Streptococcus pyo-
genes CRISPR-associated nuclease 9 (SpCas9) which will
induce a double strand break upon recognition of the tar-
get sequence by the sgRNA. Loi et al. [8] then expanded
this method to recognize human cytoplasmic rRNAs
(18S, 5.8S, 28S) for single cell sequencing.

In this paper we present an improved SISPA-based
metagenomics protocol (i.e., SISPA 2.0) for the Oxford
Nanopore platform, with increased pathogen sensitivity
and diagnostic reliability at a substantially lower cost. We
further offer valuable insights into the intricacies, best
practices, and common pitfalls of the SISPA and DASH
methods.
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Materials and methods

Spiking of serum samples

Blood collected in BD Vacutainer serum tubes, was
centrifuged for 15 min at 1000 g, after which the serum
was pooled, and centrifuged a second time for 5 min at
2000 g. To evaluate changes to the sequencing proto-
col, serum pools from healthy individuals were frozen at
-80 °C and spiked when needed with small amounts of
virus culture supernatants or with virus from a high copy
number clinical sample.

DASH design

Following the method described by Loi et al. [8], 20 bp
sgRNA recognition sequences (Supp. Table 1, bold type)
were designed by directing the software CHOPCHOPv2
[9] to a Kraken 2 build of RefSeq’s viral database (https
://benlangmead.github.io/aws-indexes/k2, accessed
2023) instead of the human genome. CHOPCHOP then
identifies and scores potential sgRNA recognition sites
in the provided targets (18S, 5.8S, 28S, 12S, 16S, ATP6,
ND4) while also providing a list of possible off-targets.
Only sgRNAs with the highest efficiency score for which
zero off-targets with up to three mismatches exist in the
viral database (excluding phages), were considered for
selection every 100 to 150 bp on both sense and anti-
sense strands. To further evaluate off-target cleavage
in cellular pathogens, we used Cas-OFFinder 2 to iden-
tify sites in the non-redundant 165/18S SILVA database
(SILVA_138.2_SSURef NR99_tax_silva.fasta (https://w
ww.arb-silva.de/) for a selection of pathogens commonly
detected in human serum (Supp.Table 2). Sites with more
than 3 mismatches or a mismatch in the seed region (i.e.
the 8 bases closest to the PAM region) were excluded and
only one hit per species and sgRNA was retained.

sgRNA preparation

The DNA template of each sgRNA was generated from
two single-stranded (ss) DNA oligos ordered from Inte-
grated DNA Technologies (IDT) and listed in Supp. Table
1. The 54—55 bp sgRNA-specific forward primer (5°-TTC
TAA TAC GAC TAC ATA TA(G)(sgRNA-20)GTT TTA
GAG CTA GA-3’) contains a T7 RNA polymerase-spe-
cific promotor, followed by the 20 bp sgRNA sequence
and a 14 bp overlapping sequence that is complementary
to the universal reverse primer. A G nucleotide is added
when the sgRNA sequence does not start with a G, to
satisfy the sequence requirements of the T7 promoter.
The 80 bp universal reverse primer (5’-AAA AGC ACC
GAC TCG GTG CCA CTT TTT CAA GTT GAT AAC
GGA CTA GCC TTA TTT TAA CTT GCT ATT TCT
AGC TCT AAA AC-3’) contains the sgRNA scaffold that
associates with the Cas9 protein and has a 14 bp overlap
with the forward primer. Both oligos were assembled and
amplified into dsDNA using the KAPA HiFi HotStart
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kit (07958927001, Roche). The amplicon concentrations
were measured using the Qubit 4 High Sensitivity dSsDNA
kit (Q32851, Thermo Fisher Scientific), subsequently
pooled at equimolar concentrations, and purified using
the DNA Clean & ConcentratorTM-25 pg kit (Zymo,
Cat# D4033). In vitro transcription was performed on
75 ng of DNA using the HiScribeTM T7 Quick High
Yield RNA Synthesis Kit according to the provided pro-
tocol, including DNase treatment, addition of DTT, and
overnight incubation. The produced sgRNAs were puri-
fied using the Monarch RNA cleanup kit (T2040, NEB),
eluted in water or IDTE pH 7.5 buffer (11-01-02-02,
IDT), and measured using the Qubit 4 broad range RNA
kit (Q10210, Thermo Fisher Scientific) after which they
were aliquoted and stored at —80 °C for further use.

Sample preparation

Nucleic acids were extracted from 200 pL spiked serum
using Macherey Nagel's NucleoSpin Virus Mini kit
(740,983.50) following the manufacturer’s protocol but
replacing carrier RNA with 8 pl of linear polyacrylamide
(LPA, AM9520, Thermo Fisher Scientific), using 400 pL
instead of 200 pL lysis buffer VL, and eluting with 50 pL
water in Lo-Bind Eppendorf tubes. 44 pL of extract was
transferred to tube strips (Thermo Fisher Scientific) to
which a mix of 5 uL TURBO buffer and 1 pL TURBO
DNase (AM2238, Thermo Fisher Scientific) was added
and subsequently incubated for 30 min at 37 °C. Reac-
tions were cleaned and concentrated to 15 pL using
1.5 xRNACleanXP beads (A63987, Beckman Coulter)
and two 500 pL ethanol washes. To allow for detection
of dsRNA viruses, an RNA denaturation step at 95 °C for
1 min, followed by rapid cooling to 4 °C, is performed
after adding 1 pL of 100 uM solA primer (5'-GTT TCC
CAC TGG AGG ATA NNN NNN NNN-3") and 1 pL
of 25 mM dNTPs (R1121, Thermo Fisher Scientific)
to the 15 pL of cleaned RNA. A mix of 5 pL of Maxima
H- RT buffer (EP0753, Thermo Fisher Scientific), 0.5 pL
of RiboLock RNase Inhibitor (EO0382, Thermo Fisher
Scientific), and 1.25 puL of Maxima H- enzyme is subse-
quently added to the denatured RNA up to a total volume
of 25 pL. RT was performed as follows: 2 min at 10 °C,
2 min at 20 °C, 2 min at 30 °C, 2 min at 40 °C, 30 min
at 50 °C, 5 min at 95 °C, 4 °C. After RT, 0.5puL of ther-
mostable RNaseH (H39500, Lucigen) was added to the
reaction, mixed, and incubated for 20 min at 50 °C. Sec-
ond strand synthesis was performed by adding a mix of
2.4 pL water, 0.4 uL buffer, and 1.2 uL Klenow Fragment
(3’5" exo-) (M0212L, NEB) to the 25 pL RT reaction
and incubating at 37 °C for 1 h, followed by 15 min heat
inactivation at 75 °C and cooling to 4 °C. The resulting
29 pL reaction was subjected to DASH depletion by first
adding 1.5 pl of Albumin buffer consisting of water, 0.15
pL of 20 mg/ml Albumin (B9200S, NEB), 0.15 puL of 1 M
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MgCl2, and 0.3 pL of 5 M NaCl. Then, 10 pL of ribonu-
cleoprotein complex is added and incubated for 2.5 h
or overnight at 37 °C. This ribonucleoprotein complex
was formed by a 10 min preincubation at 37 °C of 1 uL
Cas9 buffer, 2300 ng sgRNAs, and 3.4 pL Cas9 enzyme
(M0386S, NEB) added up to 10 pL with water. Follow-
ing DASH, Cas9 is inactivated by adding 2 puL of a 1 in
5 dilution of proteinase K (19,134, Qiagen) and incu-
bating at 37 °C for 10 min followed by 95 °C for 10 min.
The 42 pL reactions were cleaned using 1x AmpureXP
beads (A63881, Beckman Coulter) and eluted with 13 pL
water. 12.5 pL of PCR mix is then added containing 2.5
puL LA PCR buffer II, 2.5 pL of 25 mM MgCI2, 2.5 pL of
20 uM custom barcode primer (Supp. Table 3), 1.25 pL
of 10 mM dNTPs (N0447L, NEB), and 0.25 pL (1.25U)
of TaKaRa LA polymerase (RR002A, TaKaRa Bio) and 3.5
uL water. Cycling conditions consisted of an initial dena-
turation at 98 °C for 30 s followed by 26 cycles of 94 °C for
15,52 °C for 20 s, 72 °C for 2 min, and a final elongation
at 72 °C for 10 min. Amplified cDNA was purified using
1x AmpureXP beads, eluted in 25 uL. EB buffer (19,086,
Qiagen), and quantified using the Qubit High Sensitivity
dsDNA kit.

ONT library preparation and sequencing

The amplified DNA was end-prepped using the Ultra II
End Repair/dA-Tailing Module (E7546L, NEB) by pooling
6.4 ng of each of four samples added up to a maximum
of 40 pL with water. 10 pL end-prep mix was then added
consisting of 1.7 puL water, 5.84 pL Ultra II buffer and 2.5
pL Ultra II enzyme. Incubation was as follows: 10 min at
22 °C, 5 min at 65 °C, 4 °C. All end-prep reactions were
pooled and cleaned using 1 x AmpureXP beads in a sin-
gle Lo-Bind tube with two washes of 500 uL ethanol and
eluted in 25 pL of water. Adapter ligation was performed
by adding 25 pL blunt/TA ligase master mix (M0367L,
NEB) and 5 pL of ligation adapter (SQK-LSK114, ONT)
to 62 ng of eluate followed by 15 min incubation at 22 °C.
Reactions were cleaned using 0.6 x AmpureXP beads
and two washes of 125 uL. SFB (SQK-LSK114, ONT) and
eluted in 15 uL EB (SQK-LSK114, ONT). The latter was
then loaded onto an R10.4.1 flow cell (ONT) after mixing
with 37.5 pL SB and 25.5 pL LIB (SQK-LSK114, ONT).
Sequencing data were collected over 24—48 h.

Data processing and analysis

Raw sequence data (pod5 files) were basecalled in high
accuracy mode with a minimum quality of Q9, and
demultiplexed using ONT’s Guppy v6.5.7 or Dorado
v0.91 algorithm requiring barcodes on both ends. After
demultiplexing, fastq files were QC-ed using NanoPlot
v1.42 and filtered to remove short (<200 bp) and low
complexity reads using PRINSEQ++ while the flanking
solB sequence was trimmed using a custom python v3.6
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script. Filtered reads were then aligned to a fasta file con-
taining multiple target reference sequences (host or viral)
using minimap2 v2.17 with the “-x map-ont” and “-sec-
ondary =no” setting. Samtools v1.18 view, sort, and index
were used to convert the resulting bam file into a sorted,
indexed sam file for each target, filtering out supplemen-
tary alignments. Sequencing depth for each target was
extracted using Samtools depth including zero coverage
positions and deletions while the average read length and
total bases were obtained using Samtools stats. The per-
centage virus in the library was calculated per read count
and per base count. Depth plots were generated using
matplotlib. Basecalled fastq files were also uploaded
to the online metagenomic sequence analysis platform
Chan Zuckerberg ID (https://czid.org/) to exclude exter-
nal contamination.

Quantitative PCRs

For Phocine Distemper Virus (PDV), CHIKV, ZIKV, and
DENYV quantitation, RT-qPCR was performed with prim-
ers and probes as previously described [10-12]. Briefly, a
83 bp H fragment of PDV, or a 77 bp nsP1 fragment of
CHIKY, or a 112 bp NS1 fragment of DENV-1, or a 77 bp
E fragment DENV2, or a 107 bp NS1 fragment of ZIKV
were amplified in 45 cycles by adding 2.5 uL. RNA in a
12.5 pL reaction using the one-step SensiFAST™ Probe
No-ROX Kit (BIO-76001, Meridian), which includes
reverse transcriptase, and RiboSafe RNase inhibitor.
Cycling conditions were 10 min at 45 °C, 2 min at 95 °C,
followed by 45 cycles of 5 s at 95 °C and 20 s at 60 °C (or
56 °C for ZIKV specifically). For quantitation of human
18S and 16S a SYBR green RT-qPCR was performed
using the one-step SensiFAST™ SYBR No-ROX Kit
(BIO-72001, Meridian) with the same cycling and reac-
tion conditions as above and using the following prim-
ers: 16S_qPCR_hs_Fwd (5-TGC TTA GCC CTA AAC
CTC AA CA-3’), 16S_qPCR_hs_Rev (5-GGG TTT
GCT GAA GAT GGC G-3), 18S_v2_Fwd (5'-CGG CGA
CGA CCC ATT CGA AC-37), and 18S_v2_Rev (5'-GAA
TCG AAC CCT GAT TCC CCG TC-3").

Results

DASH design for viral and broader pathogen diagnostics
The sgRNAs from Gu et al. and Loi et al. were designed
for human genomics and hence to only cleave rRNAs
while leaving the human transcriptome intact. To apply
DASH to virus detection, we redesigned the sgRNAs
avoiding off-target effects in any of the known viruses
(excluding bacteriophages). In addition to targeting
rRNAs (12S, 16S, 18S, 5.8S, 28S), the sgRNA panel was
expanded to include the mitochondrial genes ATP6 (ATP
synthase membrane subunit 6) and ND4 (NADH dehy-
drogenase subunit 4) as they were observed at high lev-
els in non-depleted libraries. Although cellular pathogen

Page 4 of 19

diagnostics (i.e. bacteria, fungi, protozoa, helminths etc.),
are not the primary use case of our protocol, the cur-
rent DASH panel was also evaluated for off-target cleav-
age within 16S and 18S rRNA sequences of respectively
bacterial and eukaryotic species that can be detected in
human serum (Supp. Table 2). This is important because
16S/18S rRNAs are the most abundant transcripts in
cellular pathogens and often the only detectable rem-
nants of their transcriptome in serum samples with low
pathogen load, while also serving as widely used mark-
ers for species identification. Due to significant sequence
similarities with human 18S, only for eukaryotic serum
pathogens off-targets were found, which we listed in
Supp. Table 4. Of note, most of those off-targets hits
were caused by the same five sgRNAs indicating that suf-
ficient sequence variation exists to find sgRNAs unique
to humans and thus that a revised panel can be designed
with limited reduction in panel redundancy.

DASH depletion can outcompete Qiagen’s FastSelect -rRNA
reagent

We then introduced DASH into the SISPA protocol
between the TURBO DNase and PCR amplification step
(Fig. 1) since Cas9, which is a single-turnover enzyme,
will be more efficient when DNA quantities are low. To
evaluate the efficacy of host depletion, we first compared
DASH to the commercially available FastSelect -rRNA
Reagent (Qiagen) which was hybridized to the RNA after
TURBO DNase but prior to RT.

Figure 2A shows that DASH outcompetes Qiagen’s
FastSelect reagent with rRNA levels being depleted to
1% or below resulting in higher levels of the ssSRNA virus
PDV, and of the non-depleted mitochondrial transcripts
ND1/2 (NADH dehydrogenase subunit 1/2), COI (Cyto-
chrome ¢ oxidase subunit I), and CYB (cytochrome B).
A 2.5 h DASH further appeared equivalent if not bet-
ter than an overnight incubation. Since DASH works on
the DNA level, this could potentially make the TURBO
DNase step redundant, especially when used in combi-
nation with nuclease treatment prior to extraction. We
therefore compared different combinations of DASH,
TURBO DNase, and nuclease treatments.

Figure 2B shows that for PDV, adding DASH resulted in
a 10 x higher sensitivity compared to the original SISPA
protocol (which only uses TURBO DNase post-extrac-
tion) or 6.9 xhigher compared to the combination of
pre-extraction nuclease treatment followed by TURBO
DNase treatment post-extraction. Similar gains in detec-
tion were observed for e.g. the mitochondrial transcripts
COI and CYB as well as the cytoplasmic transcripts B2M
(B2 microglobulin) and ACTB (Actin beta). Surprisingly,
pre-extraction nuclease treatment was only 1.14 x better
at enriching than TURBO DNase treatment. The latter
only digests free DNA, whereas nuclease treatment will
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SISPA 1.0 SISPA 2.0
Nuclease < RNA/DNA None Not recommended
RNA extraction \ Qiagen viral RNA mini MN Nucleospin virus
Turbo DNase < DNA 30 min 37°Cin 50 uL 30 min 37°Cin 50 uL
Beads cleanup 7 1.8x RNAClean XP beads 1.5x RNAClean XP beads
"‘3,'; <1.5x depending on virus

Reverse Transcription

(Y
™

Denaturation 5 min 65°C
Superscript IV w/ RNaseOUT

Denaturation 1 min 95°C
Maxima H- w/ Ribolock
Denaturation 5 min 95°C
RNaseH 50°C 20 min

Second strand synthesis

2x 8 min Sequenase 2.0

45-60 min Klenow 3-5 exo-

N By adding 14 ul to RT reaction By adding 4 uL to RT reaction
- N 15 min 75°C Klenow inactivation

Beads cleanup Y RNAClean XP beads 1.0x None

‘1':3 On 39 ul reaction
DASH « flo None 2.5 hours or overnight

- Inactivation recommended

Beads cleanup 1 None 1.0x RNAClean XP beads

e On 40ul reaction

SISPA PCR

100 ulL reaction

25 ul reaction

g SolB primer PCR barcodes
AccuTaq LA Takara Taq LA
Beads cleanup o 1.0x Ampure XP 1.0x Ampure XP
“?:','3 On individual samples On individual samples
End prep & dA tailing On individual samples On pools of 4 samples
Beads cleanup '_5-' 1.0x Ampure XP in 0.2ml tubes 1.0x Ampure XP in one 1.5ml tube
Ny On individual samples On pool of pools
Barcode ligation On individual samples None, barcoded during PCR
’ ” | H ||| Post-PCR contamination No post-PCR
: possible up to this point contamination risk
Beads cleanup 1;-' 1.0x Ampure XP in one 1.5ml tube None
'=‘~‘:3 On pool of samples
Adapter ligation e Native adapter (NA) Ligation adapter (LA)

Fig. 1 Overview of the different steps in the original SISPA 1.0 and the improved SISPA 2.0 protocols

degrade both free RNA and DNA so we expected supe-
rior depletion. Although cytoplasmic rRNA (18S, 28S),
and cytoplasmic transcripts B2M and ACTB were bet-
ter depleted when using pre-extraction nuclease treat-
ment, the detection of mitochondrial rRNA (16S) and
transcripts (COI, CYB, ATP6, ND4) actually increased,
indicating that their RNA was protected prior to extrac-
tion. Even when combining pre-extraction nuclease with
post-extraction TURBO DNase, significant amounts of
rRNA reads remain present in the sequencing library,

suggesting they cannot effectively be removed by nucle-
ase digestion.

In Fig. 2C, we tested whether we could drop the
TURBO DNase step by combining nuclease treatment
with DASH and whether a DNase or nuclease treatment
is needed at all by only performing DASH. Interestingly,
DASH by itself performed the worst with an 86 x drop
in virus detection compared to DASH + TURBO which
showed 2.9 xhigher sensitivity than DASH + nucleases.
However, DASH by itself did deplete its targets (18S, 28S,
125, 16S, ATP6, ND4) efficiently. This suggests that the
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Fig. 2 Effect of different host depletion methods and their combinations on the detection of depleted and non-depleted, representative RNAs in
metagenomic sequencing libraries of human serum samples spiked with the RNA viruses PDV (Phocine distemper virus) and/or DENV (Dengue virus).
A) Qiagen’s commercial FastSelect reagent was added prior to reverse transcription to remove DNA derived from human cytoplasmic (18S, 28S) and
mitochondrial (125, 16S) ribosomal RNAs. DASH was performed after second strand synthesis for 2.5h or 16h to remove DNA derived from 18S, 28S, 12S,
16S, and from mitochondrial transcripts ATP6 (ATP synthase membrane subunit 6) and ND4 (NADH dehydrogenase subunit 4). ND1/2 and COI are mito-
chondrial transcripts NADH dehydrogenase subunit 1/2 and cytochrome ¢ oxidase subunit I. ACTB and PGK1 are cytoplasmic transcripts actin beta and
phosphoglycerate kinase 1. B) TURBO DNase treatment was performed prior to reverse transcription to digest all co-extracted DNA molecules. Nuclease
treatment, consisting of a cocktail of Benzonase and micrococcal nuclease, was performed prior to nucleic acid extraction to remove all unprotected DNA
and RNA molecules in the serum sample. DASH was performed as above to deplete 18S, 28S, 125, 16S, ATP6, and ND4. B2M is cytoplasmic transcript 32
microglobulin. C+D) Continuation of panel B but performed in different sequencing experiments

presence of host DNA in serum samples has the biggest
impact on virus detection and that a significant amount
of that DNA is unaffected by pre-extraction nuclease
treatment. Finally, we investigated whether the combi-
nation of nuclease, TURBO, and DASH adds any value.
Figure 2D shows that pre-extraction nuclease digestion
resulted in a dramatic, 34 x drop in virus detection for a
clinical DENV sample. For lab grown PDV virus however,
detection sensitivity increased by 1.45 x. Notably, pre-
extraction nucleases again did not seem to reduce mito-
chondrial RNAs although they did cause a 1.7 xdrop in
cytoplasmic RNAs. We therefore hypothesized that dur-
ing serum preparation, cell-free mitochondria [13] were
not effectively removed as suggested by literature where

mitochondrial isolation procedures recommend 15,000 g
for 5 to 20 min [14].

Pre-extraction nuclease treatment is inefficient and can
degrade viral nucleic acids

We confirmed the above observations through qPCR
(Fig. 3) showing an 11 Ct increase when the same clini-
cal sample of DENV was exposed to nucleases whereas
lab grown PDV only lost 0.3 Ct, suggesting most of the
DENV RNA was unprotected. In addition, nuclease
digestion barely affected mitochondrial 16S rRNA con-
centration, whereas it decreased the concentration of
cytoplasmic 18S rRNA by 1 Ct. To evaluate the removal
of mitochondria, an additional serum centrifugation for
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Fig. 3 The effect of pre-extraction nuclease treatment on gPCR detec-
tion of the single-stranded RNA viruses PDV (Phocine distemper virus),
DENV2 (Dengue virus serotype 2), cytoplasmic ribosomal RNA 18S and
mitochondrial ribosomal RNA 16S after sample centrifugation at 2,000g
versus 15,000g

5 min at 15,000 g was performed prior to nuclease diges-
tion. This decreased 18S by 1 Ct whereas 16S decreased
by 2.5 Ct aligning with our hypothesis of 16S being asso-
ciated with mitochondria that pellet at higher speeds.
The decrease of 18S at higher centrifugation speeds while
only showing a 1 Ct loss after nuclease treatment, sug-
gests that a significant part of serum 18S is protected
which is in line with studies reporting it to occur in extra-
cellular vesicles [15]. To further evaluate the risk of viral
RNA degradation when using nuclease treatment, we
compared Ct levels before and after treatment for several
clinical samples and lab grown viruses (Supp. Table 5).
In line with lab grown PDV, a freshly frozen DENV2 lab
virus was resistant to nuclease treatment. However, for 5
clinical samples of DENV2, which were collected in two
different field studies in the Democratic Republic of the
Congo and Peru, Ct values for viral RNAs increased up
to Al4.5 indicating complete degradation. Interestingly,
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clinical samples of CHIKV, DENV1/2, and ZIKV, which
were collected from returning travelers in Belgium under
ideal conditions, were less impacted showing a maximum
Ct increase of 2.4. This suggests that samples, especially
when stored under field conditions, can contain sub-
stantial amounts of likely disintegrated virus and hence
unprotected viral RNA sensitive to nucleases.

Denaturation prior to RT is essential for dsRNA virus
detection

RT usually starts with an RNA denaturation step (5 min,
65 °C) in presence of primer followed by rapid cooling
to 4 °C to reduce RNA secondary structure. However, to
enable the detection of dsRNA viruses this temperature
is too low. Our experiments show a dramatic 281 x and
220 xincrease in detection of respectively Rotavirus
(spiked from a clinical sample) and Orthoreovirus 3
(spiked as part of the ATCC-MSA-2008 Virome Virus
Mix) when a 1 min incubation at 95 °C is introduced.
(Fig. 4A). Of note, although this higher denaturation
temperature should help with clearing secondary struc-
ture, we observed a 1.41x, 1.31x, and 1.26 x lower detec-
tion of the ssSRNA viruses DENV2, PDV, and TBEV (Tick
Borne Encephalitis Virus) (Fig. 4B). However, this drop in
detection was no longer observed when the RT enzyme
was inactivated at 95 °C instead of the recommended
85 °C (for Maxima H Minus), with TBEV being even bet-
ter detected. This suggested that in addition to pre-RT
denaturation, the denaturation of the RNA-DNA hybrids
post-RT plays an important role in virus detection.

Denaturation temperature post-RT influences virus and
host detection

The original SISPA protocol cycled to 4 °C after RT and
hence did not include an enzyme inactivation step nor
an RNaseH or a 95 °C denaturation step to remove the

B no pre RT - post RT 85°C
pre RT 95°C - post RT 85°C
pre RT 95°C - post RT 95°C

3
—_ =
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Fig. 4 A) Effect of a heat denaturation step prior to reverse transcription (RT) on the detection of double-stranded (ds)RNA viruses Orthoreovirus and
Rotavirus in individually spiked metagenomic sequencing libraries of TURBO+DASH-depleted human serum samples. B) The effect of pre-RT heat de-
naturation on single-stranded RNA viruses PDV (Phocine Distemper Virus), TBEV (Tick Borne Encephalitis virus), and DENV2 (Dengue virus 2) at different

denaturation/heat inactivation temperatures following RT



Selhorst et al. BMC Genomics (2026) 27:188

RNA from the RNA-DNA hybrids generated during the
RT reaction. We hypothesized the latter to be essential
for the solA primer to optimally bind along the cDNA
and initiate second strand synthesis. As expected, we
observed that introducing a post-RT denaturation step,
significantly impacts virus detection and host deple-
tion, however, with different temperatures being opti-
mal for different viruses or transcripts (Supp. Figure 1).
Most likely, the length and GC content of the RNA-DNA
hybrids determines the extent of denaturation at dif-
ferent temperatures as hybrids with a high GC*length
score showed higher detection at 95 °C whereas targets
with a low GC*length score were better detected at 85 °C
(Spearman r=-0.829, p<0.0001) (Supp. Table 6). We
therefore evaluated the levels of three spiked viruses with
increasing GC levels (PDV: 23%, DENV2: 36%, TBEV:
65%) at different post-RT temperatures (4 °C, 85 °C,
95 °C) with or without a pre-RT denaturation step. Fig-
ure 5 shows that virus detection and host depletion were
highest when a pre-RT 95 °C denaturation step was com-
bined with a 95 °C post-RT denaturation step. However,
we also evaluated the use of RNaseH to degrade the RNA
in RT hybrids as an alternative to enable efficient second
strand synthesis but independent of the hybrid’s GC con-
tent. Notably, combining pre-RT denaturation (95 °C for
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1 min) with the use of a thermostable RNaseH post-RT
(50 °C for 20 min), showed superior performance over the
combination with post-RT denaturation (95 °C, 5 min).
Moreover, combining all three steps, i.e. pre-RT, post-RT,
and RNaseH vyielded even better results with increased
depletion and mostly higher levels of TBEV (Supp. Figure
2). To decrease protocol complexity, we finally evaluated
the effect of adding RNaseH to the Klenow reaction at
37 °C. Although possible, this leads to a decrease in virus
enrichment and host depletion (Supp. Figure 2).

Development of custom barcoding primers

To multiplex samples on the sequencer, Oxford Nano-
pore’s native barcodes can be ligated to the SISPA PCR
products after end-prep and dA-tailing of the dsDNA.
However, this method is time consuming and expensive.
More importantly, handling high quantities of amplified,
unbarcoded DNA poses an intra-experimental contami-
nation risk for clinical diagnostics. Therefore, we inves-
tigated whether the Nanopore barcode sequences could
be incorporated into the dsSDNA during PCR as an over-
hang attached to the solB primer. To this end, we had to
adapt the barcodes_masked.fasta file and include a bar-
code_arrs_cust.toml file (Supp. data) for custom bar-
codes to be recognized by Guppy/Dorado. In our first
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Fig. 5 Effect of pre-RT (reverse transcription) denaturation (1 min 95 °C) and post-RT denaturation (5 min at 85 °C or 95 °C) on the detection of the spiked
single-stranded RNA viruses DENV2 (Dengue virus serotype 2), PDV (Phocine Distemper Virus), and TBEV (Tick Borne Encephalitis virus), and on the deple-
tion of human ribosomal RNAs 125, 165, 18S, 28S, and transcripts ATP6 (ATP synthase membrane subunit 6) and ND4 (NADH dehydrogenase subunit 4)
in metagenomic sequencing libraries of TURBO + DASH-depleted human serum samples. A 50 °C, 20 min RNaseH incubation following RT was also evalu-
ated as a GC-independent way to open up the cDNA for second strand synthesis by degrading the RNA in the RT hybrids
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experiments, we simply attached ONT’s PCR barcode
sequences to the solB primer to keep the length of the
overhang as short as possible. Multiple combinations of
barcode and solB sequence were tested as primers and
only those with similar PCR yields to solB primer ampli-
fication were retained. However, we found most reads
(median 72.9%, n=2) to end up as unclassified after
demultiplexing due to the barcodes being truncated at
the 3’end. Opting for ultramer synthesis of the primers,
but primarily the addition of three nucleotides at the 5°
end of each primer, resulted in levels of unclassified reads
(median 21.2%, IQR 18.6—25.0, n=9) comparable to
native barcoding (median 21.3%, IQR 19.9-22.9, n=9).
As sequencing happens from 5° to 3" end, the DNA
strand might slip through the pore if it detaches prema-
turely from the motor protein resulting in truncated 3’
barcode sequence. Although ONT’s PCR primers have
seven nucleotides upstream of the barcode sequence,
these flanking sequences are not required for successful
sequencing since the adapter sequence is long enough
to cover the distance between the pore and motor pro-
tein. However, since adapter ligation is not 100% efficient,
a significant portion of dsDNA molecules might have
adapter sequence ligated on only one end. If that were the
case, flanking sequences upstream of the barcode would
be able to rescue the sequencing of those reads (Fig. 6).
Next we set out to test whether performing SISPA PCR
with large overhangs does not significantly impact virus
detection. In a sample spiked with DENV2 (at a low con-
centration) and PDV (at a high concentration), the per-
centage of viral nucleotides in the library increased when

Fig. 6 A) Pore slippage might occur when Oxford Nanopore adapter pro-
tein and sequence (red) are ligated on only one side of the dsDNA mol-
ecule (yellow) resulting in uncontrolled ssDNA translocation. B) Providing
extra base pairs (grey) that flank the sequence of interest (yellow), keeps
the ssDNA molecule attached to the motor protein thereby preventing

pore slippage
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sequenced with custom PCR barcodes as opposed to
ligated barcodes (Fig. 7A). Concurrently, the detection
of certain host transcripts such as ND1, ND2, ND6, etc.
decreased while for others, such as UBC (Ubiquitin C)
and ACTSB, it increased. This seemed to be related to the
mean read length of the transcript in the library, biasing
towards transcripts with larger mean read lengths. We
therefore repeated these experiments by PCR barcoding
a previously sequenced sample for which the read lengths
of each target were known. Although diluting the sample
prior to PCR might have slightly affected these input
read lengths, a strong correlation (Spearman r=0.877
p<0.0001) could be observed between the read length
and the factor by which detection decreased compared
to ligation barcoding. During single primer amplification,
hairpins can be formed between the complementary ends
of each DNA molecule and this will prevent amplifica-
tion of especially shorter molecules [16]. PCR barcod-
ing probably shifts this length threshold by increasing
the length of the complementary sequence and hence
the temperature at which stable hairpins can be formed.
Although losing short host RNAs is ideal, shorter viral
genomes or viral segments potentially generate shorter
DNA molecules after second strand synthesis which
would then be at risk of being lost. When spiking RVE,
we did indeed see small reductions for the 1689 bp S
and 3877 bp M segment (respectively 0.9 x and 0.93 x the
detection obtained by ligation barcoding) but an increase
in detection for the 6333 bp L segment (1.14x) (Supp.
Figure 3A). When spiking Influenza B, which has 8 seg-
ments from 2369 bp down to 1097 bp, we observed either
an increase or a decrease for half of its segments ranging
from 0.82 to 1.20x (Supp. Figure 3B). Finally, we found
that the use of PCR barcodes comes at the expense of a
5xreduced PCR yield (Fig. 7B). but that it also results in
1.2 xlonger viral sequence reads most likely due to the
hairpin formation (Fig. 7C). Longer sequence reads are
preferred as they are more specific and hence facilitate
downstream genome assembly. Overall, our observations
support the use of PCR barcoding over ligation-based
barcoding.

Optimizing DASH-based host depletion

After second strand synthesis with Klenow, the reactions
undergo a beads cleanup prior to DASH to remove the
buffers and enzymes and concentrate the sample. This
cleanup is laborious, increases the risk of RNase con-
tamination into the DASH reactions and most impor-
tantly, can be a source of pre-PCR DNA contamination
between samples. We therefore tested whether it is pos-
sible to perform DASH directly in a 50 ul reaction on
unwashed second strand reactions after heat inacti-
vation of the Klenow enzyme. We found that when
extra albumin is added to these reactions, direct DASH
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Fig.7 A)The effect of attaching sample barcodes through post-PCRTA ligation (LIG BC) versus incorporating barcodes through primer overhangs during
PCR (PCR BC) on the detection of jointly spiked PDV (Phocine distemper virus) and DENV (Dengue virus serotype 2), non-depleted cytoplasmic transcripts
PGK1 (Phosphoglycerate kinase 1), UBC (Ubiquitin C), ACTB (Actin beta), B2M (32 microglobulin), mitochondrial transcripts ND1/ND2/ND6 (NADH dehy-
drogenase subunit 1/2/6), COI/COII (Cytochrome c oxidase subunit I/1l), and CYB (cytochrome B), in metagenomic sequencing libraries of TURBO + DASH-
depleted human serum samples. Transcripts were ordered decreasingly from left to right according to their mean read length in the library using ligation
barcoding. B) the effect of PCR barcodes on the mean read length for each virus and of the whole library. C) The effect of PCR barcodes on PCR yield

shows similar viral sensitivity though at the expense of a
3.7 xand 3.6 x decrease in respectively 185 and 28S deple-
tion (Fig. 8 A left). 16S levels also increased several fold
when performing direct DASH but are not depicted since
its low abundance meant we could not reliably com-
pare with standard DASH levels. Due to the larger reac-
tion volumes, direct DASH also consumes 2.5x more
sgRNAs, Cas9, and proteinase K of which the costs aren’t
fully compensated for by saving on one beads cleanup.
On the other hand, not washing leads to a desirable
increase in read lengths (Fig. 8A right).

Because of the loss of depletion when performing
direct DASH, we tested if we could improve depletion by
varying the sgRNA and Cas9 concentrations. A 3 x Cas9
concentration increased depletion significantly while
seemingly also increasing the detection of PDV and non-
depleted transcripts (Supp. Figure 4) whereas decreas-
ing the sgRNA concentration exerted no effect (data
not shown). This suggests that, relative to the amount
of sgRNAs, we were not adding enough Cas9. When an
unwashed 50 puL was compared against a washed 20 pL

reaction, with a 3 x Cas9 concentration, the loss in deple-
tion we observed earlier was less severe at 2.8 x for 18S
and 2.6 xfor 28S, again with no effect on PDV levels
(Fig. 8B). Even when we spiked PDV at lower levels than
18S, we observed no significant impact of the decreased
depletion levels on virus detection (data not shown).
Thus, as performing DASH directly without cleanup
looked promising, we then tested if the Klenow reac-
tion could be performed in 30 pL instead of 40 pL. This
would allow for a 40 pL instead of a 50 pL DASH reac-
tion and hence save on sgRNAs, Cas9, beads, and pro-
teinase K. Interestingly, performing smaller Klenow
reactions resulted in higher virus and human transcript
detection and better depletion though probably causing
a small decrease in read lengths (Supp. Figure 5). This
effect seemed to be mostly independent from DASH as
a washed 20 pL reaction compared to an unwashed 40 pL
reaction -both performed after a small Klenow reaction-
(Fig. 8C), yielded similar results as observed between
a washed 20 pL and unwashed 50 pL reaction (Fig. 8B),
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Fig. 8 A) The effect of performing DASH directly on unwashed Klenow reactions in 50 ulL (unwashed 50 pL rxn) as opposed to performing DASH after
a beads cleanup in 20 plL (washed 20 pL rxn), on the detection (left) and read length (right) of spiked PDV (Phocine distemper virus), of non-depleted
transcripts PGK1 (phosphoglycerate kinase 1), ND1/ND2/ND6 (NADH dehydrogenase subunit 1/2/6), COI (cytochrome c oxidase subunit 1), and CYB
(cytochrome B), and of depleted ribosomal 18S and 28S RNA in metagenomic sequencing libraries of TURBO + DASH-depleted human serum samples.
B) Increasing the Cas9 concentration lowers the loss of depletion observed when using direct DASH. C) Performing Klenow reactions in smaller volumes
further reduces this loss of depletion
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maintaining the loss of depletion albeit this time again a
bit smaller at 1.9x (18S) and 1.7x (28S).

Finally, in order to further reduce labor and pre-PCR
contamination risk, we tested whether Cas9 inactivation
by proteinase K followed by heat inactivation at 95 °C are
redundant as beads cleanup is performed immediately
after DASH. Figure 9A shows that these steps can poten-
tially be omitted as no huge differences in PDV detection
were observed. However, depletion levels of 18S, 28S, and
16S decreased respectively 3.3x, 3.1x, and 2.9x, whereas
detection of most non-depleted transcripts (ND1, ND6,
COI, PGK1, UBC) also decreased except for COII and
B2M. Importantly, when omitting proteinase K digestion,

A
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also significant reductions in average read lengths were
observed (Fig. 9B).

Viral enrichment by varying beads ratios

After TURBO DNase treatment, a beads clean-up is per-
formed by adding RNase free RNAClean XP beads at a
recommended 1.8 xthe sample volume. Lowering this
ratio would in theory result in longer RNA being bound
and as such result in substantial target enrichment since
at this stage, contaminating host RNAs are often shorter
than viral genomes. However, the exact ratios for size
selection with these beads are unknown. We there-
fore tested the effect of different beads ratios (0.6x, 1x,
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Fig. 9 The effect of omitting Cas9 inactivation by proteinase K (no protK) and subsequent heat inactivation at 95 °C (no 95 °C) on the detection of spiked
PDV (Phocine distemper virus), non-depleted transcripts PGK1 (phosphoglycerate kinase 1), ND1/ND2/ND6 (NADH dehydrogenase subunit 1/2/6), COI
(cytochrome c oxidase subunit I), CYB (cytochrome B), ACTB (actin beta), and B2M (32 microglobulin), and on the depletion of ribosomal RNAs 18S, 28S,
and 16S in TURBO + DASH-depleted human serum samples. DASH was performed in a 40 ulL volume directly on the second strand Klenow reactions
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1.5%, 2x) on the detection of SARS-CoV-2 (30 kb), PDV
(15.5 kb) and RVF virus (segmented RNA genome, L:
6.5 kb, M: 3.9 kb, S: 1.7 kb). We found that a beads ratio
of 0.6 x indeed results in a 1.3 x higher detection of longer
viruses such as SARS-CoV-2 and PDV but at the expense
of detecting the shorter RVF RNAs with segment S of
RVF being 4 xless detected (Supp. Figure 6). However,
the spiked RVF levels were rather low for the obtained
depth, and this could have impacted our observation.
We therefore repeated this experiment with higher RVF
levels while also substituting SARS-CoV-2 for Influ-
enza B (IFB), a negative sense ssSRNA virus consisting
of 8 segments ranging from 2368 to 1096 bp in length.
Figure 10 confirms our observation showing 1.4x bet-
ter detection of PDV at a 0.6x beads ratio but on aver-
age up to 2.3 x worse detection of RVF and IFB segments.
Of note, RVF S seemed to be impacted the most with an
8.6 xreduction in detection whereas IFB segments 7 and
8, which are smaller than RVF S, showed only a 2 x reduc-
tion. Most likely the RVF sample used for spiking was
degraded as it was a clinical sample from Africa obtained
under field conditions in contrast to the Influenza B
sample which was sampled in Belgium and stored under
ideal conditions. This is further in line with a similar drop
observed for RVF L and M whereas no drop could be
observed for the smaller IFB segments 2 and 3.

Reducing assay costs

Finally, we evaluated whether some of the expensive
enzymes in the original SISPA protocol could be replaced
by cheaper alternatives. We found Maxima H Minus
reverse transcriptase to be a drop-in replacement for
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Superscript IV at half the price with no significant impact
on viral base percentages or on mean virus read lengths.
The choice of RT enzyme is of major importance as evi-
denced by the less balanced performance of FastGene
Scriptase II showing significantly lower percentages
of spiked virus and the cytoplasmic transcripts, while
detecting higher percentages of the mitochondrial tran-
scripts, especially ND1 and ND2. Potentially these obser-
vations are related to the lower operating temperature
(42 °C) of this enzyme compared to Superscript IV or
Maxima H Minus (50 °C) (Fig. 11A).

Also the use of Klenow Fragment (3'—>5" exo-) as a
cheaper alternative to Sequenase 2.0 showed slightly bet-
ter results with regard to the percentage of spiked virus
detected and similar viral read lengths (Fig. 11B). How-
ever in literature this enzyme is used for one hour as
opposed to 16 min for Sequenase 2.0. In an attempt to
shorten the protocol length, we tested a shorter Klenow
incubation time of 30 min and found that this gave rea-
sonable performance with no differences in read length
(data not shown), although it did impact the levels of
virus, transcripts, and rRNAs in different ways. However,
60 min resulted in higher levels for 10 out of 16 RNAs
that we evaluated and lower levels of rRNAs (Supp. Fig-
ure 7).

Furthermore, for the SISPA PCR, we tested two
cheaper polymerases (LongAmp Taq (2x) and TaKaRa
Taq LA) and found that TaKaRa Taq LA is the best
replacement for AccuTaq LA with no significant impact
on PDV detection in contrast to LongAmp Taq. How-
ever, both TaKaRa and LongAmp appear to skew towards
detection of shorter, more abundant transcripts such as
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Fig. 10 The effect of using different beads ratios (0.6x, 1x, 1.5x), during cleanup of TURBO DNAse treated RNA, on the detection of jointly spiked IFB
(Influenza B, 8 segments) virus, PDV (Phocine distemper virus), and RVF (Rift Valley Fever, 3 segments) virus in metagenomic sequencing libraries of
TURBO + DASH-depleted human serum samples. Genome sizes are depicted in base pair (bp)
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Fig. 11 A) The effect of different reverse transcriptase enzymes (Superscript IV, Maxima H Minus, FastGene Scriptase Il), B) of different second strand
synthesis enzymes (Klenow 3'=5" exo- and Sequenase 2.0), and C) of different polymerases (AccuTaq LA, LongAmpTaq (2x), and TaKaRa Tag LA) on the
detection (left) and mean read length (right) of jointly spiked RVF (Rift Valley Fever virus, 3 segments), PDV (Phocine distemper virus), DENV2 (Dengue virus
serotype 2) and non-depleted transcripts COIl (cytochrome ¢ oxidase subunit 1), CYB (cytochrome B), ND1/2 (NADH dehydrogenase subunit 1/2), ACTB
(actin beta), B2M (32 microglobulin), and PGK1 (phosphoglycerate kinase 1) in metagenomic sequencing libraries of TURBO + DASH-depleted human

serum samples

ND1, ND2, and CYB. With regard to read lengths, Lon-
gAmp generated significantly shorter reads whereas
TaKaRa decreased read length only slightly (Fig. 11C).
We then tested out Macherey Nagel’s (MN) NucleoSpin
virus kit, which comes at half the price of Qiagen’s viral

RNA mini kit, includes proteinase K, and is faster due to
the columns accepting higher loading volumes. We first
evaluated this by performing RT-qPCR on the extracted
nucleic acids for the RNA viruses PDV and DENYV, for
the rRNAs 18S and 16S, and for the DNA virus mpox.
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As expected, Qiagen extracted less mpox DNA then MN
(A0.74 Ct), likely due to the addition of proteinase K
digestion. However, Qiagen did significantly extract more
PDV (A1.9 Ct) and DENV (A1.7 Ct) but also more 18S
(A1.7 Ct) 16S and (A0.6 Ct) (Supp. Figure 8). However,
when we increased the amount of lysis buffer and ethanol
during the MN extraction, higher PDV, DENYV, but also
18S, and 16S yields were obtained reducing the difference
between the two kits to respectively 0.6, 0.7, 1.3, and 0.29
Cts (Supp. Figure 8). This would suggest that although
MN extracts less virus in absolute terms, it might extract
more relative to the amount of unwanted rRNA. Indeed,
when we compared sequence data instead of qPCR data,
the MN kit seemed to outperform Qiagen’s kit show-
ing higher virus and transcript levels, although with the
exception of PGK1 and ACTB and with increased -but
still acceptable- levels of 16S rRNA (Fig. 12).

Finally, the introduction of custom PCR barcodes
resulted in significant cost reductions as it requires less
of the NEBNext® Ultra™ II End Repair/dA-Tailing Module
and due to lower purchasing costs when ordering from
an oligonucleotide manufacturing company directly.

Benchmarking the updated protocol SISPA 2.0
Based on the results above, a new SISPA 2.0 protocol was
developed as described in the methods and in Fig. 1. A
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detailed cost analysis for running 24 samples per min-
ION flow cell, revealed that SISPA 2.0 (59 EUR/sample)
was 2.5xcheaper than the original SISPA combined
with Qiagen’s FastSelect for rRNA depletion (146 EUR/
sample) (Supp. Table 7). We then benchmarked the pro-
tocol’s sensitivity by sequencing serial dilutions in serum
of an HIV stock with known copy number. Figure 13A
shows that, at roughly 0.6 Gb per sample (equivalent to
30 samples per flow cell), SISPA 2.0 can recover near
full-genome HIV sequence with a minimum depth of
20xdown to a dilution of 5000 copies/ml. Detection
sensitivity of SISPA 2.0 is in the qPCR range with HIV
being consistently detected at the lowest concentration
of 100 copies/ml. In comparison, the original SISPA with
or without FastSelect depletion is respectively 7.7 xand
32 x less sensitive (Fig. 13B). We further compared SISPA
2.0 to SMART-9N, a well-known protocol in the field of
viral metagenomics. This protocol is a simpler variant of
SISPA where single-stranded cDNA molecules are tagged
on both ends during RT through the use of a template
switching oligo [17]. As this excludes the use of DASH,
which acts on ds cDNA, we combined SMART-9N with
Qiagen’s FastSelect to enable a fair comparison with
SISPA 2.0. We found that SISPA 2.0 has a 2.7 x higher
detection sensitivity (Fig. 13C).
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Fig. 12 The effect of different RNA extraction kits (Qiagen viral RNA mini kit vs. Macherey Nagel (MN) NucleoSpin virus) on the detection of jointly spiked
IFB (Influenza B, 8 segments) virus, PDV (Phocine distemper virus), DENV2 (Dengue virus serotype 2), depleted ribosomal RNAs 18S, 285, 12S, and 16S, and
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PGK1 (phosphoglycerate kinase 1) in metagenomic sequencing libraries of TURBO + DASH-depleted human serum samples
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Protocol performance @ avg 0.6Gb/sample
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with FastSelect depletion

Discussion

Sequence independent single primer amplification
(SISPA) has shown to be a highly effective pathogen
metagenomics method although its sensitivity is limited
due to the high degree of host contamination in many
sample types. In this study, we adapted and integrated
the CRISPR/Cas9-mediated DASH technique into a
SISPA workflow to deplete human rRNAs as well as other
abundant transcripts in serum samples, while leaving
intact viral RNAs (with the exception of bacteriophages)
and 16S rRNA of bacteria commonly detected in serum.
Although, with the current panel, some off-target cleav-
age may occur in cytoplasmic rRNAs of eukaryotic serum
pathogens, this should only impact detection sensitivity
in samples with low pathogen load, as the remainder of
their substantially larger transcriptomes would remain
unaffected and would benefit from a sensitivity boost due
to rRNA depletion.

The introduction of DASH into the SISPA protocol
not only resulted in a large increase in sensitivity com-
pared to the standard SISPA but also outperformed Qia-
gen’s FastSelect, a commercial host depletion method,
at a 5-10xlower cost. More importantly, this approach
is highly flexible as it can be tailored to any host spe-
cies through the in-house design of sgRNAs that target
the most abundant and unwanted RNAs depending on
the sample type. In addition, performing DASH is not
only more effective, but also much more reliable than
using pre-extraction nucleases. The latter can not only
degrade unprotected viral RNAs in clinical samples but
would preclude detection of cell-free RNA from cellu-
lar pathogens, while leaving protected host nucleic acids
intact that would otherwise be accessible post-extrac-
tion. Edridge et al. made a similar observation for DNA
viruses in a DNA workflow [18]. Finally, for DASH to be
effective, the use of TURBO DNase remains essential,

suggesting an overwhelming presence of non-targeted,
low abundant host DNA in serum samples as also sug-
gested by others [18, 19].

We further show that to detect dsRNA viruses, it is
absolutely essential to incorporate a 95 °C denaturation
step prior to RT. This denaturation step is often over-
looked and the lack thereof might explain why Buddle et
al. [20], who compared different metagenomic sequenc-
ing approaches, untargeted ONT sequencing using the
SMART-9N method, showed little to no detection capa-
bility for Orthoreovirus. Much more pronounced though
is the effect of both pre- and post-RT temperatures on
detection sensitivity. Although the underlying mecha-
nism remains unclear, this seemed to be related to the
removal of RNA from the RNA-DNA hybrids generated
during RT, thereby facilitating primer annealing for sec-
ond strand synthesis.

To enable sufficient throughput, samples for metage-
nomics are often processed in batch using tube strips
or even 96-well plates. The original method involved
the ligation of barcodes to the SISPA DNA so that reads
obtained from different samples can be demultiplexed.
However, the handling of highly amplified PCR prod-
ucts in batch, can lead to substantial intra-experimental
contamination, especially if some samples contain a high
concentration of virus. By incorporating the barcodes as
overhangs during the SISPA PCR, we prevented post-
PCR contamination in our workflow while also obtain-
ing longer read lengths and additional virus enrichment.
The latter is potentially caused by more stable hairpins
formed during PCR as the extra barcode sequence at the
5" will be complementary to the sequence on the 3" end
[16].

Although for most viruses viral enrichment can be
obtained through lowering the bead ratio during RNA
cleanup, we recommend against this when performing
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agnostic viral metagenomics since lower ratios will result
in a substantial loss of small viruses or viral segments
(e.g. the 0.8-1.0 kb NS segment of Influenza). Nonethe-
less, this method could be useful in a diagnostic context
when sequence data of smaller segments is not required
or, alternatively, when performing metagenomics on
samples with known pathogens of sufficient genome
length, providing sample storage did not lead to RNA
fragmentation.

As performing DASH is rather laborious, we further
investigated simplifying the protocol. Ideally, a bead
cleanup after second strand synthesis is avoided as the
extra handling could be a source of pre-PCR contamina-
tion between samples. We found that when correcting
the buffer with albumin and NaCl, DASH can be used
directly on the second strand reactions as no effect could
be observed on virus detection. Although a cleanup will
always result in better depletion of rRNAs, by tripling
the Cas9 concentration and performing smaller Klenow
reactions, we managed to reduce the loss of depletion,
with 18S levels remaining below 1%. The fact that tripling
the Cas9 concentration significantly improved depletion
whereas lowering the sgRNA concentration did not, isn’t
surprising. After all, during ribonucleoprotein complex
formation each Cas9 molecule binds to one sgRNA, so
minimally a 1:1 molar ratio would be required. In fact, in
literature a 3 x molar excess of sgRNAs to Cas9 is often
prescribed. Yet, in the protocol of Loi et al, on which
we initially based ourselves, a 147x excess of sgRNAs
was used, more than sufficient to bind to a 3 xincrease
in Cas9 molecules thus directly resulting in 3 xmore
catalytic ribonucleoprotein complex being added to the
final reaction. Ideally, different Cas9:sgRNA ratios are
empirically tested when designing a protocol. Further-
more, we found that, although possible, dropping pro-
teinase K-based Cas9 inactivation, is not recommended
as this negatively impacts depletion levels, read lengths,
and detection levels of multiple non-depleted human
transcripts.

Lastly, we attempted to lower the assay cost without
compromising on sensitivity. This resulted in a switch
from Superscript IV to Maxima H Minus, from seque-
nase 2.0 to Klenow 3°'-5" exo-, from 40 pL to 30 pL
Klenow reactions, and from ONT’s native barcoding to
custom PCR barcoding. Although we find the PCR to
yield slightly better results with AccuTaq LA polymerase,
a switch to TaKaRa LA polymerase can be justified.

When benchmarking SISPA 2.0, we found our proto-
col to be significantly more sensitive, roughly 7.7 x more
compared to FastSelect+SISPA, and 2.7 x more com-
pared to FastSelect + SMART-9N. But at a detection sen-
sitivity of <100 HIV copies/ml, SISPA 2.0 also compares
very favourably to other published Nanopore protocols
that report detection sensitivities ranging from 600 to 70
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000 copies/ml though this is hard to compare due to the
different definitions of detection, viruses, sample types,
sequencing depths, and depletion methods used [20-23].
Moreover, unlike hybridization capture—based protocols
that positively select for thousands of predefined viruses
(e.g., Twist’s Comprehensive Viral Research Panel or Vir-
CapSeqVERT), our protocol represents a true untargeted
metagenomic approach, relying on negative selection
(i.e., host depletion). As a result, the protocol is well-
suited for novel virus discovery because, due to sequence
dissimilarity with human rRNAgs, it is highly unlikely that
a new virus or a variant evolving from known sequences
would suddenly acquire dozens of off-target sites across
its entire genome. Furthermore, in contrast to rapidly
evolving pathogens, vertebrate hosts do not evolve on
relevant timescales, eliminating the need for frequent
panel updates.

Finally, our study had several limitations. First, due
to the high costs of sequencing, we could not test each
protocol modification across a serial dilution of spiked
virus. However, for viral detection at higher prevalences
(>10%), this is less critical as genome coverage will be
more than sufficient. We therefore focused on evaluating
protocol changes at lower viral prevalences, around 1% of
the library. A more important, second limitation of our
study is the occurrence of possible interactions between
protocol modifications. Although two changes might
have a positive effect in isolation, their combination could
yield different outcomes. As testing all possible combina-
tions would make this research cost prohibitive, we built
upon previous improvements and prioritized combina-
tions where theoretical interactions could be suspected.
Nevertheless, it remains possible that some individually
tested protocol changes may have offset each other. For
example, although overnight DASH incubation initially
showed slightly better depletion than a 2.5 h incuba-
tion, this advantage disappeared when tripling the Cas9
concentration. Despite such nuances, final benchmark-
ing incorporated all changes and demonstrated superior
performance for the currently presented combination.
A third limitation is that we did not originally design the
presented DASH panel for cellular pathogen diagnostics,
as serum -being cell-free- is not the most suitable sam-
ple type for this purpose. We are currently working on a
revised, more sensitive human panel with broader appli-
cability in cellular samples, designed to deplete human
ribosomal and mitochondrial RNAs while preserving the
18S and 28S rRNAs of most eukaryotic pathogens. Lastly,
following protocol development, a formal clinical valida-
tion of our assay will be required. This will include deter-
mining the 95% limit of detection, assay sensitivity and
specificity, and positive and negative percent agreement,
and will necessitate additional budget as well as a set of
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conventionally diagnosed samples infected with a variety
of pathogens for discrepancy analysis.

Conclusion

The metagenomic approach presented here, is able to
detect microbial RNA with PCR-range sensitivity in
human serum samples but can be adapted -in-house- to
any species and sample type. Due to its low cost, it can be
leveraged globally in both human pathogen diagnostics
as well as zoonotic disease research.
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