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Abstract: Clinical metagenomics is a broad-range agnostic detection method of pathogens, including
novel microorganisms. A major limit is the low pathogen load compared to the high background
of host nucleic acids. To overcome this issue, several solutions exist, such as applying a very high
depth of sequencing, or performing a relative enrichment of viral genomes associated with capsids.
At the end, the quantity of total nucleic acids is often below the concentrations recommended by
the manufacturers of library kits, which necessitates to random amplify nucleic acids. Using a pool
of 26 viruses representative of viral diversity, we observed a deep impact of the nature of sample
(total nucleic acids versus RNA only), the reverse transcription, the random amplification and library
construction method on virus recovery. We further optimized the two most promising methods and
assessed their performance with fully characterized reference virus stocks. Good genome coverage
and limit of detection lower than 100 or 1000 genome copies per mL of plasma, depending on
the genome viral type, were obtained from a three million reads dataset. Our study reveals that
optimized random amplification is a technique of choice when insufficient amounts of nucleic acid
are available for direct libraries constructions.
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1. Introduction
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Direct identification of viral genomes from clinical specimens using next-generation
sequencing (NGS) remains challenging [1] because of the scarcity of viral genomic material
due to the small size of the virus genomes and their low abundance in a high background of
host and other microbial nucleic acids. This can lead to a relatively low detection sensitivity
of 106 genome equivalents per mL [2–5]. The diversity of virus structures and nucleic
acid types has impaired the development of a unique viral metagenomics workflow, and
the subsequent comprehensive detection and identification of viruses present in a clinical
sample. Most of the published viral amplification protocols have been optimized for the
detection of either DNA or RNA viruses [6,7]. In recent years, a number of groups have
focused on RNA viruses because they account for the majority of emerging viruses [8,9].
One of the well-known major challenges of untargeted (agnostic) viral metagenomics is the
overwhelming amount of host nucleic acids and other microbial genomic materials present
in primary clinical specimens, whose content depends greatly on the type of specimen. A
typical human cell can contain up to 106 times as much DNA as a small virus. A single cell
can contain up to 60,000 RNA molecules (excluding tRNA) [10]. For RNA sequencing libraries, most of this host background typically corresponds to human rRNA, mitochondrial
RNA sequences, and highly expressed RNAs encoding proteins. Depletion of these human
host sequences boosts the proportion of non-human microbial reads and thus improve
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the analytic sensitivity for pathogen detection [11]. Furthermore, metagenomics has the
best sensitivity in paucicellular environments, such as cerebrospinal fluid rather than other
biological samples like blood, respiratory samples or stool specimens [12].
To enrich the proportion of viral targets relative to host nucleic acids, and therefore improve analytical sensitivity, a typical workflow comprises the digestion of free nucleic acids
that are not protected by viral capsids, or the precipitation of virus particles before viral nucleic acids extraction [13,14]. As a result, the absolute amount of remaining nucleic acids is
very low, often non-measurable, and out of the specifications of the library preparation kits.
It is, therefore, necessary to randomly amplify this virus-enriched fraction of nucleic acids.
Among the random amplification techniques used in viral detection, methods based on
sequence-independent single-primer amplification (SISPA) [15–19], multiple displacement
amplification (MDA) [4] and linker amplification shotgun libraries (LASL) are the most frequently used [20]. Alternative amplification techniques, such as degenerate oligonucleotide
primer PCR (DOP-PCR) [21] or multipleannealing and looping-based amplification cycles
(MALBAC) [22] are often applied for single-cell whole-genome amplification. Nevertheless,
these amplification steps prior to sequencing often lead to biases in the representation of
certain viruses or viral families [23,24].
In this study, we compared the performances of virus detection of six methods designed for nucleic acids random amplification and subsequent sequencing library preparation with a method without pre-amplification on a panel of 26 known human viruses. To
mimic a complex biological matrix, we further spiked a human plasma pool with a dilution
of this virus panel, in order to evaluate the limit of detection of these methods from clinical
samples. We also compared the impact of the nature of the nucleic acid extracts (i.e., total
nucleic acid fraction or the RNA fraction) in the detection of viral sequences. Following
this comparative study, we determined the limit of detection (LOD) of the best methods by
spiking in plasma the WHO reference virus stocks (WRVS, quantified using digital PCR
(dPCR)) and evaluated vertical and horizontal coverage of the viral genomes resulting
from these random amplification and high-throughput sequencing.
2. Materials and Methods
2.1. Virus Panels
A sample comprising a suspension in PBS of 25 human viruses with different genomic
and structural characteristics was purchased from the National Institute for Biological
Standards and Controls (NIBSC code: 11-242-001). A representative of a linear ssDNA
virus, Parvovirus B19 (NIBSC code: 12/208), was diluted to get Ct = 24 and added to the
mix to form the virus multiplex reference panel (VMRP). The complete list of the 26 viruses
is presented in Table S1. VMRP was either used undiluted or spiked into a human plasma
pool at a volume-ratio 1:10.
WHO reference virus stocks (WRVS, Table S2A) were purchased from ATCC. Viruses
composing this mix were quantified by ATCC regarding infectious virus titer (TCID50/mL)
and genome copy number using digital drop PCR (Table S2B). Each of the five WRVS virus
stocks was diluted into PBS, then pooled together at an equimolar genome concentration,
and spiked to get a final concentration of 104 , 103 or 102 viral gc/mL of plasma pool.
The plasma pool used in the two studies was derived from five human plasma samples
from healthy blood donors purchased from ICAReB (Investigation Clinique et Accès aux
Ressources Biologiques, Institut Pasteur, Paris, France).
2.2. Experimental Design
A schematic overview of the experimental design for the evaluation of the different
methods on the VMRP panel of 26 viruses, diluted or not in the plasma matrix, is given in
Figure 1. Figure 2 shows the experimental design for the assessment of selected methods
on the quantified WRVS reference virus stocks spiked into plasma. For both designs, each
method was compared to the non-pre-amplified method (NoAmp).

2.2. Experimental Design
A schematic overview of the experimental design for the evaluation of the different
methods on the VMRP panel of 26 viruses, diluted or not in the plasma matrix, is given in
Figure 1. Figure 2 shows the experimental design for the assessment of selected methods
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method was compared to the non-pre-amplified method (NoAmp).

Figure 1. Experimental design with Virus Multiplex Reference Panel (VMRP). Six protocols including reverse transcription
step, random pre-amplification step and subsequent library constructions were compared to a protocol without preamplification (NoAmp). A first experiment was carried out directly on a mix of 26 viruses representative of the diversity of
viruses (VMRP) and the second experiment on VMRP diluted in a plasma matrix (ratio: 1/10). Both fractions, total nucleic
acid fraction (NA) and RNA only, were used.

Figure 1. Experimental design with Virus Multiplex Reference Panel (VMRP). Six protocols including reverse transcription step, random pre-amplification step and subsequent library constructions were compared to a protocol without pre-amplification (NoAmp). A first experiment
was carried out directly on a mix of 26 viruses representative of the diversity of viruses (VMRP)
Viruses 2021, 13, 253 and the second experiment on VMRP diluted in a plasma matrix (ratio: 1/10). Both fractions, total
nucleic acid fraction (NA) and RNA only, were used.
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Figure 2. Experimental design with WHO reference virus stocks (WRVS). The experiment was designed to quantify the viral
detection level of two MALBAC-based methods compared to the protocol without pre-amplification (NoAmp). The NA
fraction of WRVS (mix of quantified reference virus stocks) was used at a final concentration of 104 , 103 or 102 viral gc/mL
Figure 2. Experimental design with WHO reference virus stocks (WRVS). The experiment was deof plasma matrix.
signed to quantify the viral detection level of two MALBAC-based methods compared to the protocol without pre-amplification
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2.4. Amplification Methods
Before pre-amplification, reverse transcription (SuperScript IV Reverse Transcriptase,
Invitrogen) using random hexamers was carried out on both total nucleic acids (NA
fraction) and RNA fraction, except for SMARTer and MATQ methods, which included
their own reverse transcription step. The methods of pre-amplification were compared to
a method without amplification, referred to as the control method. Table 1 describes the
principle of the different methods. Procedures can be found in Supplementary Materials.
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Table 1. Summary of the methods of amplification and library construction.

Abbreviation

Name

Principle

Library

Comment

Minimum Input
Material
Recommended

NoAmp

Control method

Reverse-transcription then
double-stranded nucleic
acid synthesis

NEBNext®Ultra™ II DNA
Library Prep Kit

method with no
pre-amplification

500 pg

WTA

REPLI-g WTA Single Cell Kit
(Qiagen)

Multiple displacement amplification
(MDA) using phi29 polymerase

NEBNext® Ultra™ II DNA
Library Prep Kit

MALBAC

MALBAC Single Cell WGA Kit
(Yikon Genomics)

Multiple annealing and
looping-based amplification cycles

NEBNext® Ultra™ II DNA
Library Prep Kit

For DNA and cDNA

Single Cell

DOPlify

DOPlify WGA from RHS
(Reproductive Health Science,
Thebarton, Australia)

(Degenerate Oligonucleotide
Primed) DOP-PCR

NEBNext® Ultra™ II DNA
Library Prep Kit

new polymerases or
primers compared to
classical DOP-PCR

>10 pg

[25]

MATQ

MATQ-Seq

Multiple annealing and
dC-tailing-based quantitative
single-cell RNA-seq

NEBNext® Ultra™ II DNA
Library Prep Kit

For total RNA

Single Cell

[26,27]

Accel

Accel-NGS 1S Plus DNA
Library Kit (Swift Biosciences)

For dsDNA and ssDNA.Custom
adaptase to ligate adapters to DNA
template before PCR.

Included

does not require intact
double-stranded DNA

10 pg

SMARTer V1/V2

SMARTer® Stranded Total
RNA-Seq Kit–Pico Input
Mammalian. (Takara Bio USA)

Switching Mechanism at the 50 end
of RNA Template

Included

rRNA depletion method
after cDNA synthesis

250 pg to 10 ng of total
mammalian RNA.

Reference

Single Cell
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2.5. Library Construction and Sequencing
Libraries were prepared following the instructions of the kit manufacturer for both
SMARTer and Accel methods. For the other methods, the NEBNext Ultra II DNA Library
Prep kit (New Englands Biolabs, Evry, France) for Illumina was chosen because it allows a
broad range of input amounts, from 500 pg to 1 µg DNA. Our strategy was to construct the
different libraries from the maximum amount of amplified nucleic acids available, with an
upper limit of 1 µg DNA. Except for SMARTer libraries, DNA samples were fragmented by
Covaris M220 Focused-Ultrasonicator (Covaris Ltd, Brighton, UK) using microTUBE-15.
The adaptor concentration, the size selection post-ligation or clean-up only, and the PCR
cycle number were adjusted according to the input material following the manufacturer
recommendations. Libraries were analyzed for size distribution using the High Sensitivity
DNA Kit (Agilent Technologies, Santa-Clara, CA, USA) on a Bioanalyser Instrument. The
individually indexed libraries were quantified using Qubit HS DNA and pooled at equal
molar quantity. Sequencing was carried out on Illumina MiSeq platform at a depth of three
million reads for crude VMRP and for WRVS spiked in plasma, and on HiSeq2500 at a
depth of 30 million reads for the VMRP diluted in the plasma matrix.
2.6. Data Analysis
Raw reads were processed with an in-house agnostic bioinformatics pipeline, as
previously described [28], which includes quality check and trimming, read normalization (using BBNorm with k-mer target normalization depth = 100), de novo assembly,
open reading frames (ORF) prediction (https://doi.org/10.6084/m9.figshare.7588592), and
Diamond-blastp similarity search against the protein Reference Viral Database (RVDBprot [29]) followed by the validation of viral taxonomic assignment by Diamond-blastp
search against the whole protein NCBI/nr database (release 01 November 2019), and a
final search against the whole NCBI/nt nucleotide database (release 15 August 2019) using
blastn. The quantification of abundance of each viral taxon was obtained by summing
the length (in nucleotides) of all sequences being associated to this taxon, weighted by
the k-mer coverage of each contig. This metric, referred as WNCS for weighted number
of contigs and singletons, is a global indicator of the viral genome fraction (horizontal
coverage) and depth coverage (vertical coverage), adjusted according to the sequencing
length of the reads.
Genome fraction is defined as the percentage of bases that align to the reference
genome. Viral genome fractions were obtained by mapping against the reference genomes
using CLC Genomics Workbench Version 9.5.3 Qiagen, with the following parameters:
length fraction of 0.8 and similarity fraction of 0.9 for the whole study. Reference viral
genomes used for read mapping of WRVS are presented in Table S3.
3. Results
3.1. Evaluation of Random Amplification Protocols Compared to a Control Method without
Pre-Amplification for the Identification of 26 Viral Genomes (VMRP) in PBS
3.1.1. DNA Yields After Random Amplification
The DNA yields obtained by random amplification of NA and RNA fractions from
the same extracts of non-quantifiable nucleic acids are shown in Table 2.
The highest amounts of DNA product were achieved with WTA and MALBAC, both
for NA and RNA fractions. The number of cycles of quasi-linear pre-amplification and
amplification used for MALBAC were respectively 12 and 25, as the default number of
cycles (8 and 17) did not allow to amplify the RNA fraction above the negative control
(PBS). In presence of plasma, default number of cycles were used and generated a smaller
amount of amplified product.
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Table 2. DNA yields after pre-amplification and detailed sequencing data from crude VMRP. N/A Not applicable. * 12 cycles
of quasi-linear pre-amplification and 25 cycles of amplification.

Fraction
NA

Input NA
(µL)

Qubit DNA
(ng) after PreAmplification

Total
Reads PE

Percent
Duplicate
Reads

Mapped Reads
(26 Viruses)

Percent
Mapped Reads
(26 Viruses)/
Total Reads

Number of
Detected Target
Viruses (x/26)

NoAmp

11

<0.5

2,677,664

2.62

36,124

1.35

24

WTA

5

4800

1,795,890

11.67

48,844

2.71

13

MALBAC *

5

1180

2,955,706

0.04

612,986

20.70

17

DOPlify

4

120

2,194,180

13.5

197,709

9.01

18

MATQ

5

323

2,562,750

1.68

15,424

0.60

22

Accel

8

N/A

1,781,662

27.13

13,171

0.73

20

SMARTer

8

N/A

3,364,988

33.47

12,021

0.35

23

Fraction
RNA

Input
RNA (µL)

Qubit DNA
(ng) after PreAmplification

Total
Reads PE

Percent
Duplicate
Reads

Mapped Reads
(26 Viruses)

Percent
Mapped Reads
(26 Viruses)/
Total Reads

Number of
Detected RNA
Target Viruses
(x/18)

NoAmp

11

<0.5

991,000

6.78

2654

0.267

11

WTA

5

2300

946,624

0

230

0.024

9

MALBAC

5

686

3,888,810

3.64

14,331

0.368

10

DOPlify

4

50

1,911,114

14.1

36,609

1.915

10

MATQ

5

460

2,763,212

1.84

34,149

1.235

15

Accel

8

N/A

1,610,944

36.29

2,513

0.155

9

SMARTer

8

N/A

3,623,634

53.85

19,672

0.005

11

3.1.2. VMRP Sequencing Metrics
Sequencing of the libraries of VMRP treated by the seven methods generated an
average of 2,476,120 total reads (SD = 590,577) in NA fraction and an average 2,106,476 total
reads (SD = 1,412,552) in RNA fraction after quality preprocessing (Table 2).
Replicated reads (redundancy) are usually introduced during library sequencing and
are cumulated with those generated during the previous random amplification step, if any.
For a given number of reads, the degree of replication has an impact on the viral genome
fraction obtained. Read mapping of target viruses showed that the percentage of replicated
reads was variable between methods. The highest percentage was observed for RNA
viruses with SMARTerV1 method (respectively 33% and 54% for NA and RNA fractions).
The Accel method showed an intermediate percentage of replicated reads (respectively 27%
and 36% for NA, and RNA fractions). Both methods included their own library preparation
that required respectively 16 and 17 cycles of final PCR. The other libraries, all constructed
using the NEBNext kit, required less cycles of final PCR (three cycles for MALBAC, DOPlify
and MATQ, and 11 cycles for NoAmp) and showed the lowest number of replicated reads.
Among these libraries, DOPlify reached about 14% replicated reads, suggesting the direct
impact of the pre-amplification step within the library construction.
3.1.3. Viral Sequences Identified by In-House Agnostic Bioinformatics Pipeline
The weighted number of contigs and singletons parameter (WNCS) was used as
readout to compare the proportion of the five genomic groups of viruses as defined by the
Baltimore classification of viruses (dsDNA, ssDNA, dsRNA, ssRNA(+) and ssRNA (−))
in each fraction for all methods (Figure 3). Both target viruses and viruses arising from
normal plasma virome or laboratory reagents were taken into account. Discriminating both

Viruses 2021, 13, 253

The weighted number of contigs and singletons parameter (WNCS) was used as
readout to compare the proportion of the five genomic groups of viruses as defined by the
Baltimore classification of viruses (dsDNA, ssDNA, dsRNA, ssRNA(+) and ssRNA (-)) in
each fraction for all methods (Figure 3). Both target viruses and viruses arising from normal plasma virome or laboratory reagents were taken into account. Discriminating both
sources of viruses was not the focus of this study, but this global picture allows showing
some trends.

8 of 20

sources of viruses was not the focus of this study, but this global picture allows showing
some trends.

Viruses 2021, 13, x FOR PEER REVIEW

4 of 23
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In the NA fraction (Figure 3B) for all viruses, except for SMARTerV1 that is dedicated
to RNA, the dsDNA group was the most represented (47–72%). The ssDNA group represented 11–17% of the total counts, except for WTA that reached 52%. Accel, DOP, and
MALBAC amplification methods failed to detect dsRNA viruses whereas SMARTerV1
showed the highest percentage of dsRNA viruses (37%). NoAmp and MATQ detected
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In the NA fraction (Figure 3B) for all viruses, except for SMARTerV1 that is dedicated to
RNA, the dsDNA group was the most represented (47–72%). The ssDNA group represented
11–17% of the total counts, except for WTA that reached 52%. Accel, DOP, and MALBAC
amplification methods failed to detect dsRNA viruses whereas SMARTerV1 showed the
highest percentage of dsRNA viruses (37%). NoAmp and MATQ detected only 2% of
dsRNA viruses among total viral sequences. All methods, except WTA, detected 7–19% and
7–20% sequences corresponding to the ssRNA(+) and the ssRNA(-) groups, respectively.
In the RNA fraction (Figure 3D), dsRNA viruses detected by SMARTerV1 and MATQ
represented respectively 63% and 53% of total counts, unlike other methods (between 4%
and 10%).
It was verified that the majority of the detected dsRNA viruses corresponded to the
spike virus, the rest being Kadipiro virus, a known contaminant of nucleic acid extraction
spin columns [30]. For the other methods, they represented 28–52% of the total for the
ssRNA(+) group and 38–57% for the ssRNA(−). SMARTerV1, which only amplifies RNA,
was able to detect transcripts of dsDNA viruses in NA fraction, originating from nonpurified virus preparation. However, they were unexpectedly not found in the RNA
fraction. We assume that this loss of sensitivity is due to the treatment of NA fraction with
the TURBO DNase and column purification to obtain the RNA fraction.
Comparison with WNCS of spiked viruses shows that the proportion of non-spiked ssDNA viruses increased more specifically in fraction NA and especially with WTA. This viral
group includes Microviridae, CRESS virus, Circoviridae, Parvovirus NIH-CQV, Anelloviridae,
Parvoviridae (other than B19). The dsDNA viruses identified with all methods belongs
to Caudovirales, Mimiviridae, and Phycodnaviridae. Iridoviridae were detected only with
NoAmp, Accel and SMARTer. The ssRNA(+) virus, Bovine viral diarrhea virus 1 (Pestivirus
A, Flaviviridae), a known contaminant of calf serum used in cell culture, was detected by all
methods in both fractions, except for WTA.
The distribution of WNCS of targeted or untargeted viruses is shown as a boxplot
(Figure S1). The best proportions of nucleotides assigned to viruses were obtained by
MALBAC and MATQ for the NA fraction, both above the non-pre-amplified method.
SMARTerV1 and Accel showed a similar profile, with a global lower efficiency than the
non-pre-amplified method with reference to RNA viruses (SMARTer) or all viruses (Accel).
WTA showed widely dispersed data.
For the RNA fraction the same trend was observed, with more dispersed data and the
highest WNCS obtained for MATQ.
3.1.4. Analysis of the Length of Contigs per Method
The length of the contigs is an important criterion for the evaluation of methods,
as it has a direct impact on the capability to identify distant sequences and to optimize
horizontal coverage. In this study, the contigs were all generated by de novo MEGAHIT
assembling from the same nucleic material. The size distribution of contigs for all methods
and both fractions is shown as a boxplot in Figure S2. In the NA fraction, the largest contigs
were obtained for NoAmp, followed by MALBAC (for example, a contig of 32,759 bp of
HHV-3 for NoAmp). In the RNA fraction, the largest contigs were obtained by NoAmp,
followed by MATQ (for example, a contig of 6912 bp of PIV-4 was obtained for NoAmp).
3.1.5. Viral Genome Fraction Analysis of VMRP
The heatmap of genome fractions of targeted viruses presented in Figure 4 highlighted
two clusters corresponding to NA and RNA fractions, except for the WTA and SMARTerV1
methods for which both fractions clustered together. In the case of SMARTer, this is
explained by a comparable level of detection and coverage of the same RNA viruses in
both fractions, while WTA had the lowest level of virus detection in both fractions. Within
each fraction, Accel, DOPlify and MALBAC constituted a group of methods with close
results. NoAmp and MATQ clustered together for the RNA fraction.
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fraction covered by the reads. Indeed, MALBAC allowed the highest percentage of
mapped target virus to total reads for the NA fraction (20.7%) (Table 2) while NoAmp
detected only 1.35% viral reads in the same fraction. However, these methods detected
respectively 17 (MALBAC) and 24 viruses (NoAmp).
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3.1.6. Recovery of Genomes of Diverse Virus Types and Comparison with Real-Time PCR
An estimate by qPCR of each viral genome abundance was previously described and
six viruses among the VRMP were not detectable [31]. The threshold Cycle (Ct) (Table S1)
are reported in the heatmap of genome fraction in Figure 4.
The most sensitive methods (NoAmp, MATQ, and SMARTerV1 in NA fraction) were
able to detect all viruses detected by qPCRs. In addition, they also detected reads from
some viruses not detected by qPCR: AdV41 (genome fraction 20% for NoAmpNA), PIV-3
(genome fraction 12%) and few reads of CoV 229E, IFVA H3N2, and IFVB. Thus, some NGS
methods (especially NoAmp and SMARTer) show better sensitivity compared to qPCR,
even using a relatively low sequencing depth (around 3 million). Some RNA viruses were
detected by most protocols in both fractions (PIV-1 (Ct 34.43), PIV-4 (Ct 31.83), HPeV3
(Ct 29.35)).
Despite a high horizontal genome coverage, the methods revealed different coverage
patterns. As an example of a virus detected by most methods in both fractions (WTA
was omitted due to insufficient coverage), the genome coverages of PIV-1 were compared
(Figure S4). PIV-1 is a negative single stranded RNA linear genome, 15.6 kb in size, encoding
eight proteins and was previously detected at high Ct (Ct 34.43). The highest genome
fraction was achieved in the NA fraction by NoAmp (98.2%) and MATQ (97.02%), then by
MALBAC (87.35%) and Accel (87.13%) (Table S4). In the RNA fraction, NoAmp reached
95.5% and MATQ 93.2% of genome length coverage. The coverage along the genome of
this virus was interrupted by numerous gaps with SMARTer and Accel methods.
Of note, all methods, including the NoAmp control, generated an over-coverage of
the gene encoding the phosphoprotein in both fractions (Figure S5). To investigate whether
this was due to an amplification bias or to the inherent nature of the virus (Paramyxoviridae
viruses are characterized by a transcriptional gradient of mRNAs decreasing from 30 to
50 genes), the mapping of reads produced with the directional method SmarterV1 was
analyzed to distinguish between genomic RNA and mRNA/antigenomic RNA. All reads
R1 (representative of the genomic strand) were mapped as the same sense than the original
RNA, and all reads R2 mapped as sequences antisense to the original RNA in both fractions,
according to the sequencing protocol. This indicates that most reads corresponded to
transcripts and that the over-coverage region observed in the phosphoprotein gene did not
originate from an amplification bias, but was more likely due to the transcriptional pattern
of this paramyxovirus.
3.2. Effect of a Complex Host Matrix on the Sensibility of the Different Methods of Random
Amplification
The genome fraction of viruses detected in VMRP and in VMRP spiked in plasma
sample at a volume-ratio 1:10 is compared in Figure 5 for both fractions. In presence of
the plasma matrix, increasing the sequencing depth (Table S5) did not allow to detect all
viruses present in the crude VMRP, whatever the method (Table S6), suggesting that the
increase of sequencing depth was completely consumed by human genetic material.
In the NA fraction, targeted mapping allowed to detect 16 out of 26 viruses of the
plasma pool with NoAmp, followed by 9 to 11 viruses with MALBAC, DOPlify and Accel
methods, six viruses for SMARTer V2 and only two for WTA (Figure 5A). Virus detection
yield was lower in the RNA fraction than in the NA fraction (Figure S6). Due to combined
effect of 1:10 dilution and the sequencing of human nucleic acids, some viruses wellcovered in PBS became undetectable when they were spiked in the plasma matrix. It was
the case for PIV-1, PIV-2 and PIV-4. Only NoAmp, MALBAC and DOP2 detected PIV-1
and PIV-4 in plasma in the NA fraction, but with only very few reads (Table S6).
In the RNA fraction, PIV-1 was only detected by MALBAC, while the other paramyxoviruses were not detected by any other method (Figure 5B). Reads of AstV, not previously detected in the RNA fraction of the raw panel with SMARTerV1, were detected by
SMARTerV2 in the plasma matrix. SMARTer lost the ability to detect the Paramyxoviri-
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Conversely, increasing nucleic acids input and cycles of amplification allowed to
detect AstV with the DOPlify method. This was further confirmed by both nucleotide- and
protein-based BLAST analyses. Interestingly, AstV was rarely and inefficiently detected
by the different methods. In addition, we observed that dsRNA viruses were underrepresented, compared to the SMARTer method. We assumed that this could be linked to
the denaturation step preceding the reverse transcription. Indeed, dsRNA may be more
difficult to denature than ssRNA, resulting in a potentially bias of detection.
3.3. Limit of Detection Following Random Amplification Methods in a Complex Biological Matrix
Based on this comparative study, two methods -MATQ and MALBAC- were identified
as the most efficient. Indeed, MATQ performed well on the majority of studied criteria
(percentage of replicate reads, length of nucleotide contigs, viral genome fraction, identified
target ssRNA viruses and WNCS), while MALBAC showed a great potential to amplify
viral nucleic acids in the NA fraction. Both methods used MALBAC random primers
(Supplementary Materials). Since MATQ was highly performing but time-consuming, we
combined a reverse-transcription step derived from the MATQ protocol with a MALBAC
amplification step to improve the detection of RNA viruses. In addition, we applied a
denaturation modification in the reverse-transcription step to get a better detection of
the dsRNA viruses: we tested different temperatures for the denaturation step, from
65 ◦ C to 95 ◦ C (data not shown), and selected the parameters 95 ◦ C for 3 min as the
best compromise between the gain in detection of dsRNA viruses and the loss of ssRNA
viruses (Figure 6). ssRNA viruses (Paramyxoviridae, Orthoretrovirinae) were not affected by
the increase of temperature while dsRNA viruses (Reoviridae) gained more than 3 logs of
Viruses 2021, 13, x FOR PEER REVIEW
11 of 23
detection compared to the denaturation at 65 ◦ C. This new protocol was thereafter named
MALBAC-V2.
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Figure 6. Effect of denaturation temperature of dsRNA virus prior to reverse-transcription on the
treated sample with or without benzonase. Each viral stock (HHV-4, REO L1, RSV, FeLV) was
treated sample with
or without benzonase. Each viral stock (HHV-4, REO L1, RSV, FeLV) was diluted
diluted to 5 × 106 genome-copies per mL for the NA isolation.
to 5 × 106 genome-copies per mL for the NA isolation.

To evaluate the analytical sensitivity of the methods, we compared MALBAC-V2 to
the non-modified MALBAC and to the control method NoAmp on WHO reference virus
stocks (WRVS) spiked in a plasma matrix at different concentrations (102, 103 and 104 genomes copies/mL). Of note, the agnostic pipeline detected that the HHV-4 stock was contaminated by the squirrel monkey retrovirus (SMRV), expressed by the virus-producer
B95-8 cells [32]. SMRV was therefore included in subsequent analyses.
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of REO1, showed differences, not due to the gene length but more likely due to sequence
or secondary structures.
4. Discussion
Viral spike detection experiments were conducted in order to assess six random preamplification methods, with the objective to increase the amount of nucleic acids before
library preparation when the starting biological input sample contains a limited amount of
viral genetic material. This is often the case when virus genomes enrichment is conducted
upstream of nucleic acid extraction. The multiplexed human viral pathogens reagent from
NIBSC completed with an ssDNA virus (VMRP) was used as a starting material.
Several studies [31,33,34] reported the use of the NIBSC reagent on different metagenomics methods. Six of the expected 25 viruses were not detected by qPCR [31].
In addition, in order to evaluate the impact of background host nucleic acids on viral
detection, the VMRP was diluted into human plasma. After this first step of evaluation, two
of the methods were selected, combined, optimized and evaluated using five standard viral
stocks endorsed as WHO 1st International Virus Reference Standards for Adventitious Virus
Detection in Biological Products by NGS technologies (WRVS). Results were compared to a
non-pre-amplification-based method in the NA fraction.
WRVS and VMRP are not highly purified as they originated from cell cultures, egg
passages or clinical specimens. The upstream sample processing, including a nuclease
pretreatment, inactivation of nuclease before the lysis step and then nucleic acid extraction,
was not evaluated in this comparative study, as it was common to all spiking experiments.
The method NoAmp to which we compared the random amplification methods consisted in the reverse-transcription of total RNA into cDNA with random primers, followed
by the synthesis of double-stranded DNA from ssRNA/cDNA and ssDNA. Finally, the library was PCR amplified. The method showed the best performance regarding the genome
fraction of DNA target viruses and a good one for RNA viruses in the NA fraction, despite
usage of a low sequencing depth. The drawback of the method for low nucleic acid input
samples is that the concentration of nucleic acids available to construct the libraries is often
below the one recommended by manufacturers. As shown in our experiments, it could
nevertheless work in such degraded conditions. For example, in this study, the NGS library
obtained from VMRP RNA was barely visible on the Bioanalyzer (data not shown). Therefore, it cannot be used in routine with low amounts of starting nucleic acids in conditions
that must fulfill quality insurance (diagnostic, testing of pharmaceutical biologics).
The random primer-based MDA procedure used in the WTA method, is based on the
use of the highly processive Phi29 polymerase. It produces a huge amount of amplified
DNA. However, in our study, it was able to detect the three types of RNA viruses in a DNAfree context (e.g., after conducting a DNase treatment post-extraction of nucleic acids) but
was overwhelmingly biased towards dsDNA and ssDNA (Circoviridae and Parvoviridae) in
presence of both DNA and RNA. The systematic over-representation bias of small circular
genomes was previously described [24,35,36]. Regarding the number of target viruses
detected in this study, we found this method insensitive.
DOPlify and Accel methods gave similar results regarding the horizontal coverage
of viral genomes, although based on different principles: Accel-NGS 1S Plus enables the
construction of genomic DNA sequencing libraries from either single-stranded and doublestranded DNA and is recommended for highly degraded, damaged or nicked nucleic acids.
In our experiments, the ssRNAs were also converted into cDNA with random primers for
both fractions followed by the Accel procedure, which also includes the library construction.
Accel performed well on ssDNA viruses, but was not very sensitive on dsDNA viruses.
The Accel protocol that starts with shearing nucleic acids using the Covaris device does
not allow for controlling fragments size before obtaining the final library. DOPlify uses
DOP-PCR designed for amplifying total DNA from single cells in a two-step protocol of
three hours, with optimized primers and new generation polymerases with high fidelity
and proofreading activity compared to the classical DOP-PCR that uses Taq polymerase
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with a high error rate. The strengths of this method are the amplification efficiency of
viral sequences and the ease of use of the kit. The expected sequence accuracy due to
the new polymerases was not confirmed in our comparison of the partial sequence of
the Phosphoprotein gene of PIV-1 (data not shown). Optimizations would probably be
necessary to obtain better detection of viral genomes.
SMARTerV1 and V2 rely on a reverse transcriptase with template-switching activity,
and a step enabling removal of ribosomal and mitochondrial cDNA following cDNA
synthesis and five cycles of PCR. The method includes the library construction. SMARTer
outperformed the other methods in both fractions regarding the detection of dsRNA viruses.
Unexpectedly, it performed better on the NA fraction than after a DNase treatment and
column purification. The fact that SMARter detected also DNA viruses was very likely due
to residual amounts of RNA transcripts in VRMP crude stocks. The rRNA and mtRNA
depletion step did not improve the detection of RNA viruses in plasma matrix, compared
to other methods without depletion (NoAmp). In addition, the weakness of the protocol
lies in the first step, the fragmentation setup. Indeed, the fragmentation parameters are
based on the RNA integrity number (RIN), which is obviously not available for the tiny
viral fraction among total RNAs). Finally, the protocol does not include a control step
before obtaining the library, as for the Accel protocol.
MATQ-seq is a multiple annealing and dC-tailing-based quantitative single-cell RNAseq, using MALBAC primers for single-cell sequencing of total RNA. The number of
detected RNA target viruses in RNA fraction and also their genome fraction were higher
with MATQ than with SMARTerV1 for most of them. Despite the good performances, the
whole protocol is a time-consuming process. This is the only protocol of this study that is
not available as a commercial kit.
MALBAC is based on multiple annealing and looping-based amplification cycles of
genomic DNA and cDNA. It utilizes primers containing a 27-nucleotide common sequence
and an eight-nucleotide variable sequence to produce fragments of amplified DNA (amplicons) during a quasi-linear pre-amplification step followed by a regular PCR step targeting
the conserved sequence. The method generated the highest percentage of viral reads in the
NA fraction, the highest sequencing depth and showed a good sequence accuracy, but was
not sensitive enough for RNA virus detection. MALBAC and MATQ-seq were selected for
further study and combined to ensure the detection of all RNA viruses.
In order to mimic the viral detection within a biological matrix, the VRMP was added
to plasma from healthy donors at a ratio 10:1. In these conditions, none of the methods
recovered all Paramyxoviridae members, even SMARTerV2 that included a removal step of
ribosomal and mitochondrial cDNA following cDNA synthesis. NoAmp and MALBAC
were the only methods capable of detecting the two viruses that were already the best
covered in the absence of plasma (PIV-1 and PIV-4) in the NA fraction. In the RNA fraction
the number of RNA viruses detected was smaller than in NA fraction and only MALBAC
detected PIV-1. The upstream treatment of plasma samples (low speed centrifugation, and
filtration through 0.45 µm membranes) may have played a role in the loss of these viruses,
as suggested by Li et al., 2015 [31]. Another explanation of the decrease of single-stranded
RNA viruses could be the DNase treatment post extraction to get the DNA-free RNA
fraction, which could slightly degrade RNA, or the purification step by column filtration.
DsRNA viruses may be relatively more difficult to denature and biased during
reverse-transcription. With a higher temperature for the denaturation step before reversetranscription, we improved the detection of REO1 with both NoAmp and MALBAC-V2
methods. The upstream treatment and nucleic acid isolation were identical for both
methods. Therefore, the improved detection of the dsRNA virus is due to the higher
temperature used in the denaturation step before reverse-transcription. The use of the
denaturing reagent DMSO prior to cDNA synthesis is also known to increase the dsRNA
virus reads [37].
The MALBAC method was first described in 2012 by Zong et al. [38] for GenomeWide Detection of Single-Nucleotide and Copy-Number Variations of a Single Human Cell
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and adapted to Single Cell Transcriptome Amplification by Chapman et al., in 2015 [39]
to detect copy-number variations and point mutations in the mouse genome. In 2017,
Sheng et al. [26] described MATQ-seq for single-cell sequencing of total RNA. In the present
study, the MATQ and MALBAC methods were combined and applied to the detection of a
wide range of viral genomes in plasma samples at low viral loads.
As performed in MATQ method, reverse-transcription was carried out at low temperature with ten cycles of annealing random MALBAC primers (Supplementary Materials),
without oligo (dT) primers. The following step of amplification was carried out using the
Yikon’s MALBAC kit. In VMRP experiments, the number of quasi-linear pre-amplification
cycles was increased from eight (recommended in the standard protocol) to twelve to
get DNA yield above the negative control (water). In VMRP experiments, the number
of quasi-linear pre-amplification cycles were restored to standard protocol to reduce the
bias associated with non-linear amplification. A fine tuning of the number of quasi-linear
pre-amplification cycles could be considered in order to increase the sensitivity of detection
of viruses. However, a limitation of MALBAC is the DNA polymerases used that are
more error prone than the phi 29 polymerase used in MDA. It can introduce sequencing
errors in the first cycle of MALBAC which are subsequently propagated. Indeed, MALBAC uses two relatively error-prone DNA polymerases, the large fragment of Bacillus
stearothermophilus (Bst) DNA polymerase for isothermal strand displacement and Taq DNA
polymerase for PCR [40]. Conversely, the NoAmp method reached its limits using maximal
input nucleic acids (11 µL versus 5 µL for MALBAC) and maximal PCR cycles of the
libraries. Depending on the viral genome type, the LOD for both methods was either 100
or 1000 genome-copies per mL of virus in such a plasma matrix.
In conclusion, amplification of genomic nucleic acids is a necessary step for the available sequencing technologies and MALBAC-V2 represents a useful method for analysis
such biological fluids for low input samples, for example when relative enrichment for
viral nucleic acids is conducted before extraction.
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5/13/2/253/s1.
Author Contributions: M.E. and B.R. designed and conceived the study. B.R. performed the experiments. L.M. performed sequencing runs. T.B. developed the in house software. BR performed the
bioinformatics analyses. B.R. wrote the manuscript. M.E., T.B., P.P. and S.T. reviewed the manuscript.
All authors have read and agreed to the published version of the manuscript.
Funding: This research was funded by the Thérèse Lebrasseur Prize 2016 awarded by the Fondation
de France.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The raw data presented in this study and data analyzed with our
bioinformatics pipeline are available on request from the corresponding author.
Acknowledgments: FDA reference virus stocks submitted to WHO for endorsement as WHO 1st
international virus reference virus standards for adventitious virus detection in biologicals products
by next-generation sequencing (Center for Biologics Evaluation and Research, U.S.) were provided
by Arifa Khan. DOPlify WGA kits were kindly provided by Reproductive Health Science, Thebarton,
Australia. We thank the ICAReB Platform from the Institut Pasteur for giving access to healthy
human plasma samples. Biomics Platform is supported by France Génomique (ANR-10-INBS-09-09)
and IBISA.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

Elbehery, A.H.A.; Feichtmayer, J.; Singh, D.; Griebler, C.; Deng, L. The Human Virome Protein Cluster Database (HVPC): A
Human Viral Metagenomic Database for Diversity and Function Annotation. Front. Microbiol. 2018, 9, 1110. [CrossRef]
Chiu, C.Y. Viral pathogen discovery. Curr. Opin. Microbiol. 2013, 16, 468–478. [CrossRef]

Viruses 2021, 13, 253

3.
4.

5.

6.

7.

8.
9.
10.
11.
12.

13.

14.
15.
16.
17.

18.

19.

20.

21.

22.
23.

24.
25.
26.

19 of 20

Greninger, A.L. A decade of RNA virus metagenomics is (not) enough. Virus Res. 2018, 244, 218–229. [CrossRef]
Cheval, J.; Sauvage, V.; Frangeul, L.; Dacheux, L.; Guigon, G.; Dumey, N.; Pariente, K.; Rousseaux, C.; Dorange, F.; Berthet, N.; et al.
Evaluation of High-Throughput Sequencing for Identifying Known and Unknown Viruses in Biological Samples. J. Clin. Microbiol.
2011, 49, 3268–3275. [CrossRef] [PubMed]
Asplund, M.; Kjartansdóttir, K.R.; Mollerup, S.; Vinner, L.; Fridholm, H.; Herrera, J.A.R.; Friis-Nielsen, J.; Hansen, T.A.;
Jensen, R.H.; Nielsen, I.B.; et al. Contaminating viral sequences in high-throughput sequencing viromics: A linkage study of
700 sequencing libraries. Clin. Microbiol. Infect. 2019, 25, 1277–1285. [CrossRef] [PubMed]
Bal, A.; Pichon, M.; Picard, C.; Casalegno, J.S.; Valette, M.; Schuffenecker, I.; Billard, L.; Vallet, S.; Vilchez, G.; Cheynet, V.; et al.
Quality control implementation for universal characterization of DNA and RNA viruses in clinical respiratory samples using
single metagenomic next-generation sequencing workflow. BMC Infect. Dis. 2018, 18, 537. [CrossRef]
Miller, S.; Naccache, S.N.; Samayoa, E.; Messacar, K.; Arevalo, S.; Federman, S.; Stryke, D.; Pham, E.; Fung, B.; Bolosky, W.J.; et al.
Laboratory validation of a clinical metagenomic sequencing assay for pathogen detection in cerebrospinal fluid. Genome Res.
2019, 29, 831–842. [CrossRef]
Shi, M.; Lin, X.-D.; Tian, J.-H.; Chen, L.-J.; Chen, X.; Li, C.-X.; Qin, X.-C.; Li, J.; Cao, J.-P.; Eden, J.-S.; et al. Redefining the
invertebrate RNA virosphere. Nature 2016, 540, 539–543. [CrossRef]
Greninger, A.L. The challenge of diagnostic metagenomics. Exp. Rev. Mol. Diagn. 2018, 18, 605–615. [CrossRef] [PubMed]
Milo, R.; Phillips, R.; Orme, N. Cell Biology by the Numbers; Garland Science: New York, NY, USA, 2016; ISBN 9780815345374.
Gu, W.; Miller, S.; Chiu, C.Y. Clinical Metagenomic Next-Generation Sequencing for Pathogen Detection. Annu. Rev. Pathol.
Mech. Dis. 2019, 14, 319–338. [CrossRef] [PubMed]
Schlaberg, R.; Chiu, C.Y.; Miller, S.; Procop, G.W.; Weinstock, G.; The Professional Practice Committee and Committee on
Laboratory Practices of the American Society for Microbiology; The Microbiology Resource Committee of the College of American
Pathologists. Validation of metagenomic next-generation sequencing tests for universal pathogen detection. Arch. Pathol. Lab. Med.
2017, 141, 776–786. [CrossRef]
Hall, R.J.; Wang, J.; Todd, A.K.; Bissielo, A.B.; Yen, S.; Strydom, H.; Moore, N.E.; Ren, X.; Huang, Q.S.; Carter, P.E.; et al. Evaluation
of rapid and simple techniques for the enrichment of viruses prior to metagenomic virus discovery. J. Virol. Methods 2014, 195,
194–204. [CrossRef] [PubMed]
Sauvage, V.; Laperche, S.; Cheval, J.; Muth, E.; Dubois, M.; Boizeau, L.; Hébert, C.; Lionnet, F.; Lefrère, J.-J.; Eloit, M. Viral
metagenomics applied to blood donors and recipients at high risk for blood-borne infections. Blood Transf. 2016, 14, 400. [CrossRef]
Froussard, P. A random-POR method (rPCR) to construct whole cDNA library from low amounts of RNA. Nucleic Acids Res. 1992,
20, 2900. [CrossRef] [PubMed]
Djikeng, A.; Halpin, R.; Kuzmickas, R.; DePasse, J.; Feldblyum, J.; Sengamalay, N.; Afonso, C.; Zhang, X.; Anderson, N.G.; Ghedin,
E.; et al. Viral genome sequencing by random priming methods. BMC Genom. 2008, 9, 5. [CrossRef]
Rosseel, T.; Van Borm, S.; Vandenbussche, F.; Hoffmann, B.; van den Berg, T.; Beer, M.; Höper, D. The Origin of Biased
Sequence Depth in Sequence-Independent Nucleic Acid Amplification and Optimization for Efficient Massive Parallel Sequencing.
PLoS ONE 2013, 8, e76144. [CrossRef]
Monteil-Bouchard, S.; Temmam, S.; Desnues, C. Protocol for Generating Infectious RNA Viromes from Complex Biological
Samples. In The Human Virome; Moya, A., Pérez Brocal, V., Eds.; Springer: New York, NY, USA, 2018; Volume 1838, pp. 25–36.
ISBN 9781493986811.
Allander, T.; Emerson, S.U.; Engle, R.E.; Purcell, R.H.; Bukh, J. A Virus Discovery Method Incorporating DNase Treatment and Its
Application to the Identification of Two Bovine Parvovirus Species. Proc. Natl. Acad. Sci. USA 2001, 98, 11609–11614. [CrossRef]
[PubMed]
Kallies, R.; Hölzer, M.; Brizola Toscan, R.; Nunes da Rocha, U.; Anders, J.; Marz, M.; Chatzinotas, A. Evaluation of Sequencing
Library Preparation Protocols for Viral Metagenomic Analysis from Pristine Aquifer Groundwaters. Viruses 2019, 11, 484.
[CrossRef] [PubMed]
Nanda, S.; Jayan, G.; Voulgaropoulou, F.; Sierra-Honigmann, A.M.; Uhlenhaut, C.; McWatters, B.J.P.; Patel, A.; Krause, P.R.
Universal virus detection by degenerate-oligonucleotide primed polymerase chain reaction of purified viral nucleic acids. J. Virol.
Methods 2008, 152, 18–24. [CrossRef]
Huang, L.; Ma, F.; Chapman, A.; Lu, S.; Xie, X.S. Single-Cell Whole-Genome Amplification and Sequencing: Methodology and
Applications. Ann. Rev. Genom. Hum. Genet. 2015, 16, 79–102. [CrossRef]
Goya, S.; Valinotto, L.E.; Tittarelli, E.; Rojo, G.L.; Nabaes Jodar, M.S.; Greninger, A.L.; Zaiat, J.J.; Marti, M.A.; Mistchenko, A.S.;
Viegas, M. An optimized methodology for whole genome sequencing of RNA respiratory viruses from nasopharyngeal aspirates.
PLoS ONE 2018, 13, e0199714. [CrossRef]
Parras-Moltó, M.; Rodríguez-Galet, A.; Suárez-Rodríguez, P.; López-Bueno, A. Evaluation of bias induced by viral enrichment
and random amplification protocols in metagenomic surveys of saliva DNA viruses. Microbiome 2018, 6. [CrossRef]
Telenius, H.; Carter, N.P.; Bebb, C.E.; Nordenskjo¨ld, M.; Ponder, B.A.J.; Tunnacliffe, A. Degenerate oligonucleotide-primed PCR:
General amplification of target DNA by a single degenerate primer. Genomics 1992, 13, 718–725. [CrossRef]
Sheng, K.; Cao, W.; Niu, Y.; Deng, Q.; Zong, C. Effective detection of variation in single-cell transcriptomes using MATQ-seq.
Nat. Methods 2017, 14, 267–270. [CrossRef]

Viruses 2021, 13, 253

27.

28.
29.
30.

31.

32.
33.

34.

35.
36.

37.
38.
39.
40.

20 of 20

Sheng, K.; Zong, C. Single-Cell RNA-Seq by Multiple Annealing and Tailing-Based Quantitative Single-Cell RNA-Seq (MATQSeq). In Single Cell Methods; Proserpio, V., Ed.; Methods in Molecular Biology; Springer: New York, NY, USA, 2019; Volume 1979,
pp. 57–71. ISBN 9781493992393.
Birnberg, L.; Temmam, S.; Aranda, C.; Correa-Fiz, F.; Talavera, S.; Bigot, T.; Eloit, M.; Busquets, N. Viromics on Honey-Baited FTA
Cards as a New Tool for the Detection of Circulating Viruses in Mosquitoes. Viruses 2020, 12, 274. [CrossRef] [PubMed]
Bigot, T.; Temmam, S.; Pérot, P.; Eloit, M. RVDB-prot, a reference viral protein database and its HMM profiles. F1000Research
2019, 8, 530. [CrossRef] [PubMed]
Ngoi, C.N.; Siqueira, J.; Li, L.; Deng, X.; Mugo, P.; Graham, S.M.; Price, M.A.; Sanders, E.J.; Delwart, E. The Plasma Virome of
Febrile Adult Kenyans Shows Frequent Parvovirus B19 Infections and a Novel Arbovirus (Kadipiro Virus). J. Gen. Virol. 2016, 97,
3359–3367. [CrossRef] [PubMed]
Li, L.; Deng, X.; Mee, E.T.; Collot-Teixeira, S.; Anderson, R.; Schepelmann, S.; Minor, P.D.; Delwart, E. Comparing viral
metagenomics methods using a highly multiplexed human viral pathogens reagent. J. Virol. Methods 2015, 213, 139–146.
[CrossRef] [PubMed]
Sun, R.; Grogan, E.; Shedd, D.; Bykovsky, A.; Kushnaryov, V.; Grossberg, S.; Miller, G. Transmissible Retrovirus in Epstein-Burr
Virus-Producer B95-8 Cells. Virology 1995, 209, 374–383. [CrossRef] [PubMed]
Mee, E.T.; Preston, M.D.; Minor, P.D.; Schepelmann, S.; Huang, X.; Nguyen, J.; Wall, D.; Hargrove, S.; Fu, T.; Xu, G.; et al.
Development of a Candidate Reference Material for Adventitious Virus Detection in Vaccine and Biologicals Manufacturing by
Deep Sequencing. Vaccine 2016, 34, 2035–2043. [CrossRef] [PubMed]
Lewandowska, D.W.; Zagordi, O.; Geissberger, F.-D.; Kufner, V.; Schmutz, S.; Böni, J.; Metzner, K.J.; Trkola, A.; Huber, M.
Optimization and Validation of Sample Preparation for Metagenomic Sequencing of Viruses in Clinical Samples. Microbiome
2017, 5. [CrossRef]
Ellegaard, K.M.; Klasson, L.; Andersson, S.G.E. Testing the Reproducibility of Multiple Displacement Amplification on Genomes
of Clonal Endosymbiont Populations. PLoS ONE 2013, 8, e82319. [CrossRef] [PubMed]
Picher, Á.J.; Budeus, B.; Wafzig, O.; Krüger, C.; García-Gómez, S.; Martínez-Jiménez, M.I.; Díaz-Talavera, A.; Weber, D.; Blanco, L.;
Schneider, A. TruePrime is a novel method for whole-genome amplification from single cells based on TthPrimPol. Nat. Commun.
2016, 7, 13296. [CrossRef] [PubMed]
Wilcox, A.H.; Delwart, E.; Diaz-Munoz, S.L. Next-Generation Sequencing of DsRNA Is Greatly Improved by Treatment with the
Inexpensive Denaturing Reagent DMSO. Microb. Genom. 2019, 5, 11. [CrossRef]
Zong, C.; Lu, S.; Chapman, A.R.; Xie, X.S. Genome-Wide Detection of Single-Nucleotide and Copy-Number Variations of a Single
Human Cell. Science 2012, 338, 1622–1626. [CrossRef] [PubMed]
Chapman, A.R.; He, Z.; Lu, S.; Yong, J.; Tan, L.; Tang, F.; Xie, X.S. Single Cell Transcriptome Amplification with MALBAC.
PLoS ONE 2015, 10, e0120889. [CrossRef]
Lasken, R.S. Single-cell sequencing in its prime. Nat. Biotechnol. 2013, 31, 211–212. [CrossRef]

