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Abstract

Molecular identification and characterization of novel or re-emerging infectious pathogens is
critical for disease surveillance and outbreak investigations. Next generation sequencing (NGS)
using Sequence-Independent, Single-Primer Amplification (SISPA) is being used extensively in
sequencing of viral genomes but it requires an expensive library preparation step. We developed
a simple, low-cost method that enriches nucleic acids followed by a ligation-free (LF) 2-step
Polymerase Chain Reaction (PCR) procedure for library preparation. A pan-chimeric universal
primer (JS15N14) containing 15 nucleotides with a random tetradecamer (14N) attached to the
3’-end was designed. The complimentary primer (J515) was used for nucleic acid enrichment

in a first round PCR. A second PCR was designed to create Illumina sequencer-compatible
sequencing-ready libraries for NGS. The new LF-SISPA protocol was tested using six RNA and
DNA viral genomes (10.8-229.4 kilobases, kb) from an ATCC virome nucleic acid mix (ATCC®
MSA-1008™) followed by analysis using One Codex, an online identification tool. In addition, a
human stool sample known to be positive for norovirus Gll was sequenced, and de novo assembly
was performed using the Genome Detective Virus Tool allowing for near complete genome
identification in less than 24 h. The LF-SISPA method does not require prior knowledge of target
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sequences and does not require an expensive enzymatic library preparation kit, thereby providing a
simple, fast, low-cost alternative for the identification of unknown viral pathogens.
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1. Introduction

Development of PCR-based molecular methods to identify emerging and clinically relevant
viruses requires prior knowledge of the genomic sequences. Alternatively, next generation
sequencing (NGS) using random oligonucleotide primers can be applied to human samples
or complex environmental samples to detect viruses without prior knowledge of their
identity or genetic signatures. Rapid NGS-based genomic sequencing of viruses at an

early stage of an outbreak or pandemic can be beneficial in that the etiological agent
causing either event can quickly be identified and the appropriate public health measures
initiated (Wu et al., 2020). In routine shotgun metagenomics protocols, commercial library
preparation Kits for detection of multiple viruses in a given sample are expensive (Glenn et
al., 2019a) and time consuming (Glenn et al., 2019b).

Random amplification by sequence-independent single primer amplification (SISPA) was
first reported by Reyes and Kim (1991). Initial nucleic acid enrichment was based on

the endonuclease digestion of nucleic acids followed by adapter/primer ligation to target
DNA fragments for PCR amplification using a single, specific complementary primer.
More contemporary protocols combined SISPA with metagenomic sequencing for the
identification of both known and unknown viruses. In our Ligation Free-SISPA (LF-SISPA)
protocol, adapters and barcodes are directly added by PCR to obtain a sequencing ready
library rather than utilizing a commercial kit.

The present study was undertaken as a proof-of-concept for a ligation-free library
preparation workflow for the identification and characterization of clinically relevant viral
pathogens. The LF-SISPA assay was evaluated using an ATCC virome nucleic acid mix
containing RNA and DNA of six viral pathogens. The method was also applied to identify
the complete genome sequence of a norovirus from the nucleic acid extract of a human stool
sample.

2. Materials and methods

2.1. Nucleic acid virome standard (ATCC MSA-1008) and norovirus sample

The fully characterized ATCC virome nucleic acid mix (ATCC MSA-1008™) containing six
viral nucleic acids with diverse genomic sizes (10.8 kb to 229.4 kb) and types of nucleic acid
(RNA or DNA) was selected for assay development and testing. The ATCC virome nucleic
acid mix contains human herpesvirus 5 (ds DNA, 229.4 kb), human mastadenovirus F (ds
DNA, 34.2 kb), influenza B virus B/Florida/4/2006 (ss (-) RNA 8 segments, 14.2 kb), Zika
virus (ss (+) RNA, 10.8 kb), human respiratory syncytial virus (ss (=) RNA, 15.2 kb), and
reovirus 3 (ds RNA 10 segments, capsids, 23.5 kb). The estimated genome copy number for
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each virus is 2 x 104 genome copies/uL. The clinical sample analyzed contained norovirus
Gll (ss (+) RNA, 7.5 kb; Ct 21.9, ~10° genome copies/puL) extracted from a UNEXP disk as
previously described (Cromeans et al., 2019). Briefly, the UNEXP disk which was saturated
with a nucleic acid (NA) extraction buffer was loaded with 60 L of a clarified 10 % stool
preparation; after 2 weeks NA was extracted with heat into a 10X volume of TE buffer.

2.2. cDNA synthesis

cDNA was synthesized using a SuperScript IV Reverse transcription kit (Applied
Biosystems). Reverse transcription was performed in a volume of 10 L, consisting of 2

uL of 5X RT buffer, 2 uL of 10 uM pan-chimeric primer JS15N14 (Table 1), 0.5 pL of 10
mM dNTP mix, 0.5 uL of 0.1 M DTT, 0.5 pL (200 U/uL) reverse transcriptase and 4.5 pL of
nucleic acid extract (ATCC Virome-MSA-1008 or norovirus) and incubated at 23 °C for 20
min, 50 °C for 20 min followed by heat denaturation at 80 °C for 5 min.

2.3. Klenow reaction

Second strand DNA synthesis was performed using all 10 pL of the cDNA sample in a 25
pL reaction volume containing 2.5 L of 10X Klenow buffer, 0.5 pL of 10 mM dNTP mix,
0.5 pL of Klenow fragment 3’ to 5" exo- (Thermo Fisher Scientific) enzyme and 11.5 pL of
nuclease free water. Reaction conditions included incubation at 37 °C for 30 min followed
by heat denaturation at 80 °C for 5 min.

2.4. SISPA (First round PCR)

Nucleic acid enrichment was performed with the complimentary primer (JS15) without a
tetradecamer at the 3"-end in a 50 pL reaction mixture consisting of 10 uL cDNA, 5 pL of
10 pM JS15 primer, 25 pL of TagMan environmental master mix (version 2.0) PCR buffer
(Life Technologies, Grand Island, NY) and 10 pL of nuclease free water. After an initial
denaturation step at 95 °C for 10 min, PCR was performed for 30 s at 95 °C, 45 s at 60

°C, and 45 s at 72 °C for 45 cycles followed by a final extension step at 72 °C for 10 min.
The amplification products were purified with AMPure SPRIselect beads (Beckman Coulter,
Indianapolis, IN), and a 1:0.8 ratio was selected to obtain an average DNA fragment size
of 392 bp as confirmed by the Agilent 4200 Bioanalyzer TapeStation using the Agilent HS
D1000 tape. DNA concentration was determined using the Qubit dsDNA HS kit with the
Qubit 3.0 Fluorimeter (ThermoFisher Scientific, Waltham, MA).

2.5. Sequence ready ligation-free library preparation for MiSeq illumina (Second round

PCR)

Both forward (J1Fi5) and reverse (J1Ri7 or J2Ri7) barcoded primers (Table 1) were
introduced during a second round PCR step. The barcoded primer (J1Fi5) included a
sequencing adapter at the 5 end and JS15 sequence at the 3’ end (Table 1). The barcoded
primer (J1Ri7 or J2Ri7) included a sequencing adapter, a unique single index 8 base barcode
at the 5" end and JS15 sequence at the 3" end (Table 1). Single-indexed PCR primers (i7)
with unique indexes (that may be useful for multiplexing samples) were used. An 8-base
single-indexed sequencing run workflow was adopted using indexes aaccgcgg or ggttataa
(Table 1). These barcoded PCR primers were designed to be less than 60 bases.
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PCR reactions were performed in a 50 L reaction volume with 5 puL of amplified product
from the PCR enrichment step, 1.25 pL of i5 primer at 10 uM, 1.25 uL of i7 primer at

10 uM, 25 pL of Environmental Master Mix (version 2.0) PCR buffer (Life Technologies,

Grand Island, NY) and 17.5 pL of nuclease-free water. A short PCR amplification reaction
was carried out with an initial denaturation step for 10 min at 95 °C followed by 25 cycles
of 30 sat 95 °C, 30 s at 60 °C, 30 s at 68 °C. A final extension step at 68 °C for 5 min was
included. The amplification products were purified with SPRIselect beads at a 1:0.8 ratio.

After cleanup, the final barcoded DNA amplicons ranged between 300-700 bp.

2.6. Illumina NGS

Shotgun metagenomic sequencing was performed on the lllumina MiSeq platform (Illumina,
USA). For testing of the method, only one sample per MiSeq run was sequenced. A PhiX v3
library was used as a balanced library control for lllumina sequencing runs to overcome the
impact of low diversity. Read 1 and Read 2 sequencing primers (Table 1) were used on the
MiSeq for paired-end sequencing (schematically illustrated in Fig. S1 in the supplementary
data).

For ATCC virome mix sequencing, libraries prepared from the 2nd step PCR (J1Fi5 and
J2Ri7) were sequenced using a MiSeq Reagent Kit (Illumina, USA) v3 kit (2 x 75 pb)

that allowed for selection of 2 x 84 bp paired-end runs. Paired-end (2 x 84 bp) sequencing
was performed by loading a final concentration of 5 pM ATCC virome library and 0.2 pM
bacteriophage PhiX v3 Control library (Illumina, USA). An additional 5 pL of 100 uM Read
1 and Read 2 sequencing primers were added to well positions 12 and 14, respectively, of
the MiSeq reagent cartridge. The index read sequencing primer was not included because
only one sample per run was tested.

For norovirus library sequencing, the library prepared from the 2nd step PCR (J1Fi5 and
J1Ri7) was sequenced and MiSeq Reagent Kit (lllumina, USA) v2 nano (2 x 250 bp)

was used for its low cost when compared with MiSeq kit v3. The norovirus-positive

sample library was sequenced with a paired-end run of 2 x 101 cycles at a final loading
concentration of 2 pM and 0.8 pM for the norovirus and PhiX libraries, respectively. An
additional 5 pL of 100 uM Read 1 and Read 2 sequencing primers were added, to well
positions 12 and 14, respectively, of the MiSeq reagent cartridge. The index read sequencing
primer was not included because only one sample per run was tested.

2.7. Bioinformatics analysis of ATCC virome using one codex tool

FASTQ files generated from sequencing the ATCC virome nucleic acid mix were submitted
to the web-based One Codex bioinformatics tool (www.onecodex.com) on August 14, 2020
for NGS data analysis (Minot et al., 2015). The One Codex tool generated a report at

the viral species level based on an examination of exact A&~-mer matches against the tool’s
internal viral databases. The One Codex analysis breaks each read into A&-mers, and, in this
case, the A-mers of each possible 31-base string in the read were compared to the database
by exact alignment. The sequencing artefacts were filtered out of the sample based on the
relative frequency of unique A-mers. The relative abundance of each virus was estimated
based on the sequencing depth and coverage across every reference genome available in
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the database. The One Codex analysis demonstrated the identification of viruses, and the
substantial differences in virus identity percentage were not covered. This approach reduces
the risk of misclassification and classifies only to the possible specificity. After confirmed
identification of viral species, the sequences were aligned to the expected species using the
Minimap2 add-on for One Codex, in order to provide a view of the coverage of each viral
genome.

2.8. Bioinformatics analysis of norovirus using genome detective virus tool

Norovirus NGS FASTQ files were submitted for bioinformatic analysis with the Genome
Detective Virus Tool (www.genomedetective.com) on April 04, 2021 to characterize the
sequenced norovirus genomes (Vilsker et al., 2019). Paired-end data sets were assembled
into nearly complete viral genomes by de novo assembly. The assembled sequences were
used for identification and classification at the species level using reference genomes
available in NCBI’s RefSeq (O’Leary et al. (2016).

3. Results and discussion

The novel LF-SISPA method was evaluated using an ATCC virome nucleic acid mix
representing highly divergent viral families that mimic a metagenomic sample and a diverse
microbial community of both RNA and DNA viruses with genome size ranging from 7.5

to 229.4 kb. The complete sequences of all six viruses could be identified correctly with an
average read depth ranging from 1390x to 16756x (Table 2).

The identification and characterization of the sequences using a bioinformatics approach,
including de novo assembly for taxonomic classification, genotyping and data visualization
was completed in one hour. The universal chimeric primer (JS15N14) containing the
tetradecamer (14-mer) can potentially anneal to 268435456 different positions randomly
throughout the target sequences to prime the first strand cDNA synthesis in the reverse
transcription step and generate large pools of cDNA. Priming with the longer random primer
provided sequence reads across the entire length of a viral genome (Zika virus) resulting in a
genome coverage of 99.04 % (Table 2).

The genomic sequences of six viruses in the ATCC virome nucleic acid mix were
successfully identified using the One Codex platform (the coverage plot for each virus is
summarized in Fig. S2 in the supplemental data). The bioinformatic analysis performed
using the One Codex tool efficiently separated host-associated reads from viral sequences.
The percentage of viral reads from NGS mapped from 31.7-99.04% of six viral pathogen
genomes included in the ATCC standard. The very low coverage for reovirus was attributed
to the omission of a denaturation step for double-stranded RNA (dsRNA) before reverse
transcription initiated. This resulted in reduced efficiency of reverse transcription and
subsequent steps. Including a simple denaturation step to separate the complementary
strands should improve the sequencing of dsSRNA. The LF-SISPA NGS method successfully
identified each genome from a virus mix of 10% nucleic acid copies per microliter.

Although the virome nucleic acid mix contained the same number of genomic copies for
each virus in the mix, a difference in genome coverage due to the distribution of sequence
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reads was observed. The difference may be attributed to the PCR amplification efficiency
associated with highly structured viral genomes or repetitive regions at the 5'-UTR (Moser
et al., 2016; Logan et al., 2014). The presence of cellular nucleic acids can also significantly
impact the amplification of viral RNA, which may also reduce the sequencing depth of
coverage and sensitivity of this method, especially for viruses at low initial concentrations;
however, this is frequently a characteristic of unknown samples. Depletion of cellular host
DNA has been shown to increase the depth of viral reads (Oyola et al., 2013).

The sequencing data analysis for norovirus started with 955,660 reads obtained from the
UNEXP disk nucleic acid sample. After removal of non-viral reads approximately 275,736
reads remained for downstream analysis. Of these, 41,782 reads were mapped to a norovirus
GI1.3[P40] reference genome (NC_029646.1; Length: 7,518bp) with a genome depth of
coverage of 502.3x (Fig. 2). A near complete genome sequence of 7074 bp with no gaps
was obtained with the exception of the 5" and 3" ends of the genome. Reference genome
coverage was 94.1 % and the genome sequence obtained by sequencing spans from 316 bp
to 7389 bp in the reference. The genome of the norovirus reference isolate consists of 7518
nucleotides (nt) and contains three ORFs: ORF1 (5100 nt), ORF2 (1608 nt) and ORF3 (780
nt). The coverage obtained for all three ORFs was 93.9 %, 100 % and 89.6 %, respectively.

Yang et al. (Yang et al., 2017) observed that norovirus genome coverage was affected by
the quality of RNA extraction, yield and library preparation. Several studies (Fonager et al.,
2017; Hasing et al., 2016; Brown et al., 2016) found higher genome coverage for norovirus
samples with lower Ct values. In another study, 13 strains were sequenced with Illumina
MiSeq NGS and near complete genome sequences were obtained, ranging from 7204 to
7395 nucleotides of 7518 (Chhabra et al., 2018). Our LF-SISPA method correctly identified
and recovered a near complete norovirus genomic sequence from a human clinical sample
preserved on a solid matrix stored at room temperature for 14 days.

This study has certain limitations in read length and depth for some viral genomes. The
random reverse transcription step that relies on 14 random nucleotides at the 3" end
(JS15N14) likely introduces bias in regions with high GC content or secondary structure
associated with viral genomes and in subsequent random amplification steps. Despite

the uneven high-coverage peaks obtained across the genome (Supplementary Fig. 2),

the LF-SISPA is broadly applicable to detecting RNA and DNA viruses. Further study

is needed to establish the sensitivity of the assay. Caution should be exercised in the
2-step PCR approach for the prevention of possible carry-over contamination; nucleic acid
extraction followed by PCR must be performed in separate rooms. The possibility of error
introduction by proof-reading PCR polymerases and resulting artefacts can be reduced by
decreasing PCR cycles. Incorporating appropriate positive controls at different stages can
reinforce confidence in the data analysis. The cost per run can be greatly reduced by
parallel sequencing of multiple samples containing unique sample-specific barcode identifier
sequences.

The major advantages of the novel LF-SISPA NGS protocol are the short turnaround time
(approximately 1 day, Fig. 1) and minimal preparation cost associated with sequencing
library preparation. The method requires less than one hour of “hands on” time for
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sample library preparation. The majority of the remaining time is required for the reverse
transcription, Klenow and PCR reactions (<5 h) and the sequence run (16 h) as shown

in Fig. 1. Other types of clinical samples, as well as environmental samples, containing
different viruses should be evaluated for the detection and characterization of virus
sequences.

4. Conclusions

The LF-SISPA NGS protocol generated genome sequences for six viral genomes in an
ATCC virome nucleic acid mix and norovirus without an enzymatic library preparation Kit.
The proposed ligation-free whole genome sequencing is less expensive than commercial
kits and involves only a PCR-based library preparation, eliminating DNA shearing, end
repair, A-tailing and ligation steps. This technology appears to be effective for identification
and characterization of a variety of viral genomes and may offer the benefit of prokaryote
and eukaryote identification, as well as testing for unknown pathogens in human clinical
samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Schematic Workflow for LF-SISPA-NGS

[Sample Collection |
Ao 4
[Nucleic acid extraction (RNA/DNA) |
O
A Single Tube Rection (RT/Klenow)

Reverse Transcription (RT): cDNA synthesis with pan-chimeric primer (JS15N14)

DNA polymerase | Large (Klenow) Fragment (Second-strand cDNA synthesis)

O
(1 PCR)
Random PCR amplification with primer JS15-(1%* PCR)
(54

|SPRIseIect bead protocol, PCR Purification|

182
Library Preparation- 2" PCR

A second PCR with Illumina sequencer compatible barcoded sequencing adapters
J1FiS and J1Ri7 or J1Fi5 and J2Ri7
<

SPRIselect bead protocol, PCR Purification

O

High-throughput sequencing

==

Fig. 1.
Stepwise overview of single-indexed library preparation workflow containing lHlumina

adapters and barcode without ligation for Illumina sequencing (MiSeq). The JS15 primer
with 14 random nucleotides at the 3" end (JS15N14) generates single-stranded and double-
stranded DNA, respectively, by reverse transcription and a Klenow reaction. In the first-step
PCR primer JS15 randomly amplifies and enriches the sample. In the second step-PCR using
a pair of forward and reverse primers encoding lllumina adaptor (MiSeq) and JS15 primer
sequences are incorporated into the amplicon from the first round PCR product. The reverse
primer carries a unique barcoding index sequence embedded between the Illumina adaptor
and JS15 primer sequences. The entire protocol is completed in approximately 1 day.
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4000
Genome position

The genomic coverage map of norovirus Gll based on the alignment of reads across the
known reference sequence of norovirus GlI (NC_029646). The Y and X axis represent the
genome fold coverage and genome position respectively based on analysis by the Genome

Detective Virus Tool.
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