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Abstract. Identification of pathogenic viruses with accuracy and speed in clinical
samples for diagnosis is crucial to prevent a disease outbreak. In a typical blood
sample, the amount of host nucleic acids in vast excess compared to pathogen
nucleic acids makes identification of an unknown pathogen extremely difficult
and time consuming. In this study, we investigated the efficiency of DNase I and
Omnicleave nucleases together with different centrifugation speeds to remove host
DNA in plasma and serum samples spiked with dengue virus type-1 (DENV-1).
The quantities of DENV-1 RNA and contaminating human DNA were evaluated
by qRT-PCR and Qubit® fluorometer, respectively, to determine the most efficient
procedure for host nucleic acid removal. Enzymatic digestion was inefficient in
removing host DNA from plasma and serum samples, similarly, using low-speed
(6,200g) centrifugation by itself, with 10% average reduction. The most effective
procedure was a combination of low- and high-speed (23,500g) centrifugation
steps, achieving 80% reduction in host DNA for both DENV-1 spiked plasma
and serum samples. The procedure is rapid, simple to perform and can be easily
incorporated into any DNA extraction workflow.
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INTRODUCTION

Infectious diseases are the second
most common cause of death worldwide
(Mathers et al, 2008). Infections from viral
pathogens, such as dengue virus (Bhatt
et al, 2013) and Ebola virus (Piot, 2016),
pose a major threat to global public health.
Early and accurate diagnosis can have a
significant and positive impact on mor-
bidity and mortality of disease outbreaks.
Diagnosis of viral infections is a slow
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and complex process because different
pathogens may lead to similar clinical
symptoms. Due to the limitations of viral
detection methods, patients are treated
based on their symptoms, while the etio-
logy of their disease remains unknown.

Approximately 58% of febrile illnesses
are caused by blood-borne viruses (Ca-
peding et al, 2013). In addition to known
viruses, there are also novel viruses,
thereby increasing the importance of de-
veloping new detection methods for viral
surveillance and discovery. New human
viruses have recently been discovered
by molecular analysis of samples from
patients with symptoms of unknown etio-
logy, via encephalitis (Glaser et al, 2003),
hepatitis (Desai et al, 1999; He et al, 2003;
El Gaafary et al, 2005), gastrointestinal
diseases, myocarditis, and auto-immune
disease (Hajjeh et al, 2002).

In recent years, next-generation se-
quencing (NGS) technologies have been
improved, being able to generate many
millions of sequences in a single round of
sequencing (Mardis, 2008). However, they
differ as regards cost, turnaround time,
sequence yield per run, accuracy, error
rate and read length (Metzker, 2010; Quail
etal,2012). One of the crucial steps in viral
detection and identification when using
NGS technologies is sample preparation.
The quantity of viral genomic material is
low in clinical specimens and the nucleic
acid extraction and sample processing
become crucial to obtain pathogen nucleic
acids in good quality and quantity for
detection.

Viral RNA is usually extracted from
clinical samples and then reverse-tran-
scribed into DNA (Datta et al, 2015).
Although there are several methods for
RNA isolation from clinical samples,
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viz. organic solution -based extraction,
silica-membrane-based spin column and
magnetic bead- based technology (Rump
et al, 2010; Tavares et al, 2011; Sellin et al,
2014), one major problem with these iso-
lation methods is that they result in high
amounts of contaminating host DNA,
removal of which will help increase the
relative amount of viral RNA. However,
there is a risk of losing some amount of
viral RNA through the various removal
procedures (Marston et al, 2013), causing
a lower output of genetic sequence infor-
mation or number of NGS reads (Delwart,
2007). In order to obtain sufficient genetic
information from pathogen nucleic acids,
many laboratories attempt repeated
sequencing or culturing to increase the
amount of nucleic acids required to the
sequence reads (Coffey et al, 2014). These
strategies increase cost and complicate
results. Furthermore, the large amount of
host nucleic acid in clinical specimens re-
quires more pre-processing, filtration and
other reduction of their signals in bioin-
formatics analysis to detect the pathogen
nucleic acid sequence. These additional
steps make detection and identification
of the pathogen more difficult, slowing
down the clinical diagnostic process (Rad-
ford et al, 2012).

Often physical methods or endo-
nucleases are employed to remove host
genomic DNA and enhance viral enrich-
ment (Malboeuf et al, 2013; Manso et al,
2017). In this study, we evaluated the ef-
fectiveness of several methods mentioned
in the literature used for host nucleic acid
removal to improve viral enrichment and
subsequent viral identification in spiked
plasma and serum samples. The goal
was to determine the most efficient, cost-
effective and proficient procedure that can
be applied to routine clinical diagnosis.
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MATERIALS AND METHODS

Materials

Commercially processed plasma and
pooled serum from healthy individuals
were obtained from The Thai Red Cross
Society. Both plasma and serum samples
were confirmed negative for Japanese en-
cephalitis virus and dengue virus (DENV)
by hemagglutination inhibition (HAI)
assays (Clarke and Casals, 1955). These se-
rum and plasma samples are referred to as
negative samples. Human genomic DNA
for control samples was acquired from Jena
Bioscience (Jena, Thuringia, Germany).
DENV-1 Hawaii strain (GenBank accession
number EU848545) was cultured in a C6/36
cell line as previously described (Jarman
et al, 2011), and supernatant from the cell
culture was stored at -70°C until used.
RNase-free DNase I and Omnicleave™
endonuclease was from Ambion (Life
Technologies, Auckland, New Zealand)
and Epicentre (Madison, WI), respectively.
DENV-1 was spiked in serum and plasma
samples at physiological condition.

Nucleic acid extraction and measurement
For plasma and serum samples,
(spiked) viral RNA was extracted using
QIAamp® viral RNA Mini Kit (QIAGEN,
Valencia, CA). Quantity of host DNA was
measured pre- and post-treatments us-
ing Qubit® 2.0 Fluorometer (Invitrogen,
Carlsbad, CA). The amount of DENV-1
in plasma and serum was measured
using quantitative (q) RT-PCR as previ-
ously described (Sadon et al, 2008) with
modifications. In brief, qRT-PCR was
conducted using AgPath-ID™ One-Step
RT-PCR Kit (Ambion, Life Technologies,
Auckland, New Zealand) in a reaction
volume of 22.5 ul. Thermocycling was
performed in an ABI 7300 Real Time PCR
system (Applied Biosystems, Foster City,
CA) as follows: 45°C for 10 minutes; 95°C
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for 10 minutes: and 40 cycles of 95°C
for 15 seconds and 60°C for 1 minute.
Values are expressed in genome equiva-
lent/ml (GE/ml). DENV-1 spiked sample
with Ct value of 23.8 was used for all
experiments.

Nuclease digestion

Different parameters for nuclease
digestion, including endonuclease con-
centration, Mg?* concentration, tempera-
ture, and incubation time were assessed
to refine the condition that yielded the
lowest amount of host genomic material.
All samples were centrifuged at low speed
(see below) to remove cell debris. A total
of 81 conditions were tested in combina-
tion of the following: (i) DNase I (1.5, 3
and 6 U), (ii) free Mg?* concentration (0.5, 1
and 2 mM), (iii) temperature of incubation
(22, 30 and 37 °C), and (iv) reaction time
(15, 30 and 60 minutes).

Centrifugation

Low-speed centrifugation (6,200g at
4°C for 10 minutes) was used to sediment
cell debris (Krejbich-Trotot et al, 2011).
High-speed centrifugation (23,500¢ at 4°C
for 20 minutes) was performed using a SS-
34 Sorvall rotor (Thermo Fisher Scientific,
Waltham, MA) (Cepko, 2001) following
the low-speed centrifugation and the pel-
let was re-suspended with Gibco® RPMI
1640 medium (Invitrogen, Grand Island,
NY) prior to RNA extraction.

Next-generation sequencing (NGS)
Extracted viral RNA was reverse
transcribed to cDNA using SuperScript
III (Life technologies, Invitrogen, Grand
Island, NY). The double-stranded DNA
was purified using AMPure XP beads
(Beckman Coulter, Brea, CA). Libraries
were constructed from DNA (1 ng) us-
ing an Illumina Nextera DNA sample
preparation kit (Illumina, San Diego,
CA) and sequenced using an Illumina
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MiSeq instrument for 300 cycles. The
sample preparation process was adapted
from Illumina protocol and performed
as previously described (Rutvisuttinunt
et al, 2014).

Evaluation of treatment combinations

Sample treatments were evaluated
based on their efficiency in reducing the
amount of host DNA and maximizing the
recovery of viral RNA. Using the untreated
sample as control, percent remaining host
DNA and viral RNA were used to select
the optimal treatment conditions for treat-
ment of serum and plasma samples. The
formulas used for the calculations are as
follows: (i) remaining host DNA = host
DNA of treated sample/host DNA of un-
treated sample, (ii) recovered viral RNA
= viral genome copies of treated sample/
viral genome copies of untreated sample,
and (iii) ratio of signal retaining to noise
retained = recovered viral RNA/remain-
ing host DNA. Host DNA in the formulas
refers to the nucleic acid quantity mea-
sured in ng/ul by Qubit® fluorometer.
Viral genome copies were calculated from
the Ct values obtained from the qRT-PCR
assay. Statistical significance is calculated
using pairwise f-testin R (v. 3.1.1) (R Core
Team, 2016). A p-value <0.05 is considered
significant.
Bioinformatics analysis

Raw sequenced reads were filtered
using PRINSEQ software version 0.20.4
(Schmieder and Edwards, 2011) to exclude
reads shorter than 40 bases, with an aver-
age quality score <25, containing more
than one ambiguous base call (Ns), or hav-
ing an exact duplicate with 100% sequence
identity. Cleaned sequence reads were
then mapped to the two selected reference
genomes, namely, human (hg38, NCBI)
and DENV-1 isolate US/Hawaii/1944
(GenBank EU848545). Reads were first
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mapped to the human reference, and those
not finding a hit were then mapped to the
DENYV reference. Two alignment methods
were used, namely, Bowtie2 ultrafast se-
quence aligner with default parameters
(Langmead and Salzberg, 2012) and Basic
Local Alignment Search Tool (BLAST).
Results from the BLAST alignment were
reported as the number of reads mapped
to the human genome with 100% sequence
coverage and to the DENV-1 with at least
80% sequence coverage. Recovery of virus
after treatments was assessed by compar-
ing the number of mapped reads between
treated and untreated samples.

The overall workflow is shown in
Fig 1.

RESULTS

Nuclease digestion

We first evaluated one of the most
commonly used nucleases for host remov-
al procedure, DNase I, an endonuclease
that nonspecifically cleaves single- and
double-stranded (ss and ds) DNA, chro-
matin and RNA:DNA hybrids (Silha and
Kolibova, 1980; Stewart et al, 1991; Suck,
1994; Akaboshi, 1999). Evaluation of the
effects of different parameters (tempera-
ture, Mg2+ concentration, enzyme con-
centration, and digestion time), shown to
be critical for enzyme function and often
vary digestion outcome, revealed the
largest reduction, 7%, occurred under the
following conditions: DNase I =1.5U, free
Mg? concentration = 1 mM, temperature
= 37°C, and time = 15 minutes (Fig 2).
We also observed that 70% (57/81) of the
tested parameter combinations resulted in
an increase in measurable DNA content.

Centrifugation with and without prior
nuclease digestion

We evaluated both low- and high-
speed centrifugations with and without
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Fig 1-Flow diagram of study procedures and
formulas for result assessments.

prior nuclease digestion on the removal
of host DNA. Due to the differences in
the specificity of various nucleases, the
additional nuclease that can digest ss-
DNA, dsDNA and RNA (Omnicleave™
endonuclease) was also used in the ex-
periment to determine whether it could
improve viral yield. In order to investigate
the effect of low-speed centrifugation and
to test whether enzyme treatment under
the optimized condition from previous
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iteration (1.5 unit of enzyme DNasel and
1 mM of magnesium concentration for
15 minutes at 37°C) is suitable for both
enzymes (DNasel and Omnicleave) or
not, the comparison between the sample
processing by low-speed centrifuga-
tion only and low-speed centrifugation
combined with two different enzymes
treatment (DNasel and Omnicleave) at
two different temperatures (37°C or 22°C)
was demonstrated in plasma and serum
samples. Centrifugation at low-speed
alone reduced host DNA comparable to
that of nuclease (DNase I or Omnicleave)
digestion alone (Table 1); host DNA reduc-
tion using only Omnicleave compared to
only low centrifugation force was better
with serum (16% vs 4%) than plasma (9%
vs 11%) sample. However, combining
the two treatments did not improve the
efficiency of host DNA removal (Table
1). Host DNA removal between com-
bination of high speed centrifugation
with (80%) and without (10%) nuclease
digestion is statistical significant (p <0.001
and 0.002 for plasma and serum sample,
respectively) (Table 1). The amount of
recovered viral RNA is not significantly
different between low- and high-speed
centrifugation. All combinations without
high speed centrifugation had a signal to
noise ratio of <1. The highest ratio was ob-
tained with low- followed by high-speed
centrifugation for plasma sample or with
Omnicleave digestion and sequential low-
and high-speed centrifugation for serum
sample (Table 1). In order to reduce the
number of steps, prior nuclease digestion
was omitted from the final procedure for
both plasma and serum samples (Table
1). The several processes were combined.
Different speeds of centrifugation are
used in molecular laboratory procedures:
low speed centrifugation for removing
cell debris and high speed for pelleting
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106%

22°C 101% 94% 97% 106% 108% 105% 106% 99% 100%
15min | 30°C 99% 97% 99% 104% 105% 106% 108% 99% 96%
SIS 104% 93% 99% 104% 102% 100% 104% 96% 97%
22°C 107% 97% 101% 102% 105% 105% 99% 97%
30 min | 30°C 101% 95% 98% 103% 98% 97% 109% 99% 98%
98% 101% 101% 103% 99%
106%
108%

Fig 2-DNase I efficiency in digesting human DNA under various conditions. Percent of remaining
host DNA in the sample was measured and calculated after each treatment configuration with
varying incubation time (15 min, 30 min, 60 min), temperature (22°C, 30°C, 37°C), magnesium
concentration (0.5 mM, 1 mM, 2 mM) and unit of DNAsel (1.5 U, 3 U, 6 U).

viral particles. We evaluated both high
speed and low speed centrifugation with
and without enzymatic digestion and
accessed the removal of host DNA (Treat-
ment 1, Table 1, section 1). The proportion
of recovered viruses was measured and
used in the evaluation for viral genome
recovery (Treatment 2, Table 1, section 2).
Optimal treatments were performed in
triplicate (Treatment 3, Table 1, section 3)
to determine the effectiveness of enriching
for viral RNA using low-speed centrifuga-
tion followed by high-speed centrifuga-
tion. The fold ratio was calculated after
low-speed centrifugation (3B), followed
by Omnicleave (3C, 3D) and after high-
speed centrifugation was completed (3E,
3F). One condition used only low-speed
centrifugation followed by high-speed
centrifugation omitting endonuclease
treatment (3G).

Effect of virus enrichment on sequence reads

A new set of DENV-1 spiked samples
were prepared and treated with low-
speed and high-speed centrifugation
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[Table 2: Treatment A (control) and B].
Based on previous experience (unpub-
lished data), an additional sample that
was prepared using a longer high-speed
centrifugation time (60 minutes) was also
included (Table 2: Treatment C and C-2).
All samples were sequenced using NGS,
which demonstrated an improvement
in the ratio of virus sequence to human
sequence reads for each treatment (Table
2). The results of the quantitative RT-PCR
corresponded with the NGS data (data not
shown). All treatments increased the ratio
of viral reads, but the effect was 5-7 times
higher for plasma than serum samples.
There was also a 4.2- and 5.6-fold increase
between performing high-speed centrifu-
gation for 60 than 20 minutes for plasma
and serum sample, respectively.

The number of reads mapping to the
human and the DENV-1 genomes, after
Q30 quality trimming, varied between
treatments due to experimental differ-
ences including the number of samples
analyzed together (Table 2). Overall, Treat-
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Table 2
Bioinformatics results for plasma and serum samples.

Process Bowtie 2 BLAST

Human Dengue virus 1 Dengue virus 1
(Hg38) (EU848545) (EU848545)

Plasma samples
Treatment A (total reads = 421,242; filtered reads? =359,524)

Number of reads 334,658 1,667 1,822
(%) (93.08) (0.46) (0.51)
Fold change (%) 0 0 0

Treatment B (total reads = 39,224;
filtered reads? = 31,798 )

Number of reads 18,443 516 527
(%) (58) (1.62) (1.66)
Fold change (%) -37.69 249.98 227.03

Treatment C (total reads = 79,786;
filtered reads? = 63,216)

Number of reads 40,651 4,748 4,749
(%) (64.3) (7.51) (7.51)
Fold change (%) -30.92 1,519.85 1,382.36
Treatment C2 (verification of Treatment C) (total reads = 52,722; filtered reads? = 43,207)
Number of reads 27,474 3238 3207
(%) (63.59) (7.49) (7.42)
Fold change (%) -31.69 1,516.27 1,364.62

Serum samples
Treatment A (total reads = 2,367,498; filtered reads?® = 2,045,876)

Number of reads 1,923,671 1,510 1,665
(%) (94.03) (0.07) (0.08)
Fold change (%) 0 0 0
Treatment B (total reads = 715,354; filtered reads® = 624,501)

Number of reads 565,089 350 527
(%) (90.49) (0.06) (0.08)
Fold change (%) -3.77 (24.07 3.69
Treatment C (total reads = 1,310,950; filtered reads? = 1,134,592)

Number of reads 1,054,465 3,251 3,260
(%) (92.94) (0.29) (0.29)
Fold change (%) -1.16 288.22 253.06
Treatment C2 (verification of Treatment C) (total reads = 226,770; filtered reads® = 199,492)
Number of reads 184,772 722 712
(%) (92.62) (0.36) (0.36)
Fold change (%) -1.50 390.36 338.55

ANumber of reads that passed data filtration step using PRINSEQ. Treatment A, (No treatment);
Treatment B, (Low-speed centrifugation followed by high-speed centrifugation for 20 min);
Treatment C, (Low-speed centrifugation followed by high-speed centrifugation for 1 hr).
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ment C showed a consistent proportion of
virus to human reads. We also observed
an increase in unmapped reads after
treatment for both plasma (4.4-6.3 folds)
and serum (1.2-1.6 folds). When these un-
mapped reads were analyzed separately
using BLAST they were found to map to
the human reference genome, but below
the set limit for counting as a valid hit.

DISCUSSION

The aim of this study was to opti-
mize methods for removing host nucleic
acid from blood samples to increase the
relative amount of pathogen nucleic acid
to host genome thereby increasing the
probability of pathogen identification.
Performing high-speed centrifugation
(23,5009) following endonuclease diges-
tion or low-speed (6,200g) followed by
high-speed centrifugation was the optimal
protocol to remove (80%) host DNA, with
better results using infected serum than
plasma samples.

Although Omnicleave performed bet-
ter than DNase I, neither enzyme alone
reduced host DNA by more than 20%.
DNase I is commonly used for host nucleic
acids removal to increase signal of viral
pathogens (Allander et al, 2001; Rutvi-
suttinunt et al, 2014; ibid, 2015; Matranga
et al, 2016). Although higher amounts of
endonuclease is believed to be more effi-
cient (Robinson, 2015), our results showed
optimal digestion was achieved with the
minimal amount of enzyme. Surpris-
ingly, under certain digestion conditions
the amount of DNA measured by Qubit®
fluorometer increased after incubation,
possibly due to other degradation pro-
cesses that occurred and thereby releasing
DNA fragments. One possible source of
such DNA might be extracellular vesicles,
microparticles, exosomes or apoptotic
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bodies released from cells, in addition
to other molecules from the originating
cell (E1 Andaloussi et al, 2013; Thakur
et al, 2014; Zaborowski et al, 2015). During
incubation, these vesicles could release
nucleotides and this combined with a
reduced effectiveness of the endonuclease
under these conditions might explain the
phenomenon. Furthermore, DNA might
also be unavailable for measurement due
to being bound to proteins, in which case
the increased temperature during incuba-
tion could release DNA.

The low efficiency of DNase I in
removing host DNA is in contradiction
to work by Hall et al (2014) investigating
DNA removal samples containing A549
human epithelial lung carcinoma cells
spiked with Escherichia coli O157, human
enterovirus 71, human adenovirus 5 and
influenza A (HIN1) pdm09. This could
be accounted for by the difference in the
samples investigated.

For sequence analysis, we found
BLAST to be more flexible than Bowtie 2
when the numbers of sequence reads were
low. The two different mapping techniques
performed equally well with BLAST map-
ping slightly more reads. Bowtie2 includes
read quality in determining a valid align-
ment, but is faster and more useful than
BLAST when time is limited.

The relative amount of viral sequence
reads from plasma was significantly
higher when compared to serum despite
all samples having been spiked with the
same amount of virus particles. It is pos-
sible that the centrifugation steps were
affected by differences in the composi-
tion and/or physical properties of the two
types of samples.

In conclusion, enrichment of virus
RNA in blood samples required methods
optimized for specific sample types. Enzy-
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matic removal of host DNA did not pro-
vide additional benefit to the sequential
low- and high-speed centrifugation steps
demonstrated to provide a robust enrich-
ment procedure for viral RNA.
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