
Comparing Viral Metagenomic 
Extraction Methods
Jeanette Klenner1,2, Claudia Kohl1, Piotr W. Dabrowski1,3 
and Andreas Nitsche1*

1Centre for Biological Threats and Special Pathogens 1, Robert Koch Institute, Berlin, Germany.
2Bundeswehr Research Institute for Protective Technologies and NBC Protection, Munster, 

Germany.
3Research Group Bioinformatics (NG4), Robert Koch Institute, Berlin, Germany.

*Correspondence: nitschea@rki.de

https://doi.org/10.21775/cimb.024.059

Abstract
A crucial step in the molecular detection of viruses in clinical specimens is the efficient 
extraction of viral nucleic acids. The total yield of viral nucleic acid from a clinical 
specimen is dependent on the specimen’s volume, the initial virus concentration and 
the effectiveness provided by the extraction method. Recent next generation sequencing 
(NGS)-based diagnostic approaches (i.e. metagenomics) provide a molecular ‘open view’ 
into the sample, as they theoretically generate sequence reads of any nucleic acid present 
in a specimen in a statistically representative manner. However, since a higher virus-
related read output promises better sensitivity in the subsequent bioinformatic analysis, 
the extraction method selected determines the reliability of diagnostic NGS. In this study 
nine commercially available kits for nucleic acid extraction were compared regarding the 
simultaneous isolation of DNA and RNA by real-time PCR, four of which were selected 
for subsequent comparison by NGS (QIAamp Viral RNA Mini Kit, QIAamp DNA Blood 
Mini Kit, QIAamp cador Pathogen Mini Kit and QIAamp MinElute Virus Spin Kit). The 
nucleic acid yields and the sequence read output were compared for four different model 
viruses – reovirus, orthomyxovirus, orthopoxvirus and paramyxovirus – each at defined 
but varying concentrations in the same sample. The total amount of nucleic acid was pro-
cessed to sequence the RNA (as cDNA) and the DNA with quantification by Qubit and 
virus-specific quantitative real-time PCRs. NGS libraries were prepared for sequencing 
on the Illumina HiSeq 1500 system. Finally, the percentage of reads assignable to each 
virus was determined via mapping.

Evaluation of different commercial nucleic acid extraction kits with four different viruses 
indicates little variation in the read numbers obtained for transcribed RNA or DNA by NGS.

Since NGS is increasingly being used as a tool in diagnostics of infectious diseases, the 
individual steps of the complete process have to be validated carefully. Here we could show 
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that for virus identification in liquid clinical specimens, any nucleic acid extraction kit that 
is performing well for PCR diagnostics can be used for NGS diagnostics as well and that the 
selection of the kit has only a minor impact on the yield of viral reads.

Introduction
The polymerase chain reaction (PCR) is currently the gold standard in nucleic acid-based 
diagnostics (Pabinger et al., 2014; Schmittgen et al., 2008). The multitude of rapid, highly 
specific and sensitive diagnostic PCR assays currently available for this well-understood 
and affordable method make it invaluable in the clinical context (Perandin et al., 2004; 
Templeton et al., 2004). However, the high specificity comes at a price: since PCR primers 
target a specific region of an organism’s genome, the targeted pathogen is usually detected 
exclusively (Klein, 2002; Yamamoto, 2002).

A new method of nucleic acid-based analysis, next generation sequencing (NGS), has 
seen a soaring rise in popularity with several sequencing platforms developed indepen-
dently of each other within less than a decade (Ahmadian and Svahn, 2011; Liu et al., 2012; 
Metzker, 2010). This massively parallel sequencing approach provides a molecular ‘open 
view’ into the specimen which can allow for non-targeted pathogen detection (Hazelton 
and Gelderblom, 2003), thus overcoming the limitations set by PCR.

The application of NGS technologies (i.e. metagenomics) in the field of infectious dis-
eases ranges from fundamental to applied research (Didelot et al., 2012; Lecuit and Eloit, 
2014; Mardis, 2008; Quail et al., 2012; Renkema et al., 2014). NGS is also increasingly used 
for diagnostics of bacterial and viral pathogens in different clinical specimen matrices, i.e. 
faeces, tissue, plasma, blood, urine, cerebrospinal fluid and diagnostic cell culture (Batty 
et al., 2013; Cheval et al., 2011; Kohl et al., 2015; Law et al., 2013; Nakamura et al., 2008; 
Nassirpour et al., 2014). It is generally assumed that NGS with its extremely rapid technical 
advancement and continuously decreasing costs will proceed to become a favourite tool in 
clinical routine diagnostics (Desai and Jere, 2012; Hayden, 2014; Peng et al., 2013; Voel-
kerding et al., 2009). The process of generating sequencing libraries and the technique of 
sequencing itself are well established. However, the impact of nucleic acid extraction from 
clinical samples on how well viral pathogens can be detected using metagenomics has not 
yet been comprehensively examined. Nevertheless, this is a critical question when consider-
ing adopting metagenomics as a standard method for clinical diagnostics.

As is generally accepted for clinical diagnostics, NGS-based diagnostics requires puri-
fication methods that are quick and allow for immediate sample processing, simple by not 
requiring specialized equipment and in the best case can be run automatically. Due to the 
open view approach it is of particular importance to isolate DNA and RNA simultaneously. 
To meet biosafety demands, reliable inactivation plays a critical role when dealing with 
clinical specimens (Boom et al., 1990). In some kits the lysis buffer can contain chaotropic 
salts, i.e. guanidine hydrochloride/thiocyanate, which denature macromolecules, by which 
a virus inactivation is assumed to be likely (Blow et al., 2004; Boom et al., 1990).

Limiting factors in the nucleic acid extraction for NGS are specimen volume and low 
pathogen concentration that could result in insufficient amounts of NGS starting material 
or insufficient fragment length of the nucleic acid extracted (Fahle and Fischer, 2000). 
Several nucleic acid extraction kits are commercially available, but differ inter alia in cost, 
application, additional reagents required and hands-on effort. For PCR-based detection the 
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evaluation of several extraction kits for the recovery of pathogens such as Y. pestis, hepatitis A 
virus, mumps virus and cytomegalovirus has revealed that no kit is ideal under all conditions 
(Fahle and Fischer, 2000; Krause et al., 2006; Peng et al., 2013; Ribao et al., 2004). However, 
such an evaluation is missing for NGS-based pathogen detection, i.e. metagenomics.

In this study we have therefore compared different commercially available RNA, DNA 
and combined RNA/DNA extraction kits regarding their performance when recovering 
four different model viruses present at different concentrations in fluid samples: a reovi-
rus, an orthomyxovirus, an orthopoxvirus and a paramyxovirus. These model viruses were 
chosen in order to cover a wide range of different viral properties, i.e. non-enveloped par-
ticles, enveloped particles and single- or double-stranded genomic DNA or RNA. Samples 
were subjected to the identical diagnostic NGS process, and finally the number of reads 
mapping to the reference genome and the percentage of pathogen-specific reads in the total 
read amount obtained by sequencing on the Illumina HiSeq 1500 system were used as the 
performance measure.

Extraction kits
Eight commercially available kits [PureLink Viral RNA/DNA Kit (Invitrogen), ZR Viral 
DNA/RNA Kit (Zymonas), TRIzol LS Reagent (Invitrogen), QIAamp Viral RNA Mini 
Kit, QIAamp DNA Blood Mini Kit, QIAamp cador Pathogen Mini Kit, QIAamp MinElute 
Virus Spin Kit and QIAamp Ultrasense Kit (all Qiagen)] were compared for the simultane-
ous isolation of DNA and RNA, even for kits that are primarily designed for DNA or RNA 
exclusively. The selection of the individual kits was based on their commercial availability, 
the ease of handling and the total preparation time required. Therefore, the largest part of 
kits consists of silica spin columns, which turned out to be most efficient and popular for 
nucleic acid purification during the past decade.

Major differences of all kits utilized are in the different chaotropic salts included (i.e. 
guanidine hydrochloride/thiocyanate), detergents and other additives in the lysis buffers. In 
some kits the addition of protease as a separate additive is required. Some kits recommend 
the use of carrier DNA or RNA; however, in this study carrier DNA and RNA were omitted 
intentionally. Since typically NGS sequences all sequences in the specimen, carrier RNA or 
DNA would also be sequenced, and the viral sequencing read depth could be impaired. Pre-
tests using quantitative real-time PCR were performed for nucleic acid extracts obtained 
from all kits (data not shown), and the four kits that scored well regarding the nucleic acid 
yields were chosen for further evaluation by using NGS (QIAamp Viral RNA Mini Kit, 
QIAamp DNA Blood Mini Kit, QIAamp cador Pathogen Mini Kit and QIAamp MinElute 
Virus Spin Kit). All four kits fulfilled the general requirements set: speed, simplicity, safety 
and no need for additional equipment. In contrast, all kits can be run manually or automati-
cally on the QIAcube.

Artificial virus specimen
An aliquoted mix of four different RNA and DNA viruses was used as a well-defined surrogate 
for a liquid clinical specimen. This mix contained a reovirus (family Reoviridae, subfamily 
Spinareovirinae, genus Orthoreovirus, species Orthoreovirus T3/342/08), an Orthomyxo-
virus (family Orthomyxoviridae, genus Influenzavirus A, species H1N1 PR8/1934), an 
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Orthopoxvirus (family Poxviridae, subfamily Chordopoxvirinae, genus Orthopoxvirus, 
species vaccinia virus) from cell culture supernatant and a paramyxovirus (family Para-
myxoviridae, subfamily Paramyxovirinae, genus Respirovirus, species Sendai virus) from the 
allantoic fluid of an infected egg. To produce viruses from cell culture supernatant, Vero 
E6 cells together with the respective virus were grown to confluence in DMEM with 10% 
Fetal Bovine Serum (FCS) and 2 mM L-glutamine. Viral supernatant was collected in a 
tube on day five and centrifuged at 200 rpm for 10 minutes, and the pellet was resuspended 
in FCS. For Paramyxovirus propagation allantoic fluid of infected chicken eggs was handled 
as previously described by Kohl et al. (2015). Each virus was present at defined but varying 
concentrations in the same sample (as determined by quantitative real-time PCR). A whole 
aliquot of the mix was used for each extraction.

NGS workflow
The workflow used to compare the different extraction kits’ performance on the selected 
viruses is shown in Fig. 4.1 and described in detail below. Compared to PCR, NGS is still 
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an expensive method, despite the steadily decreasing costs. Therefore, the NGS runs were 
performed in duplicate, as a higher number of replicates would have substantially increased 
the cost of the study.

Nucleic acid extraction
Nucleic acid was extracted in duplicate following the manufacturers’ instructions, except 
that no carrier RNA/DNA was used for the reasons mentioned above (Table 4.1). The final 
DNA and RNA solutions were eluted in the same volume of 100 µl of AE or AVE buffer 
(Qiagen), respectively.

Library processing
Each nucleic acid solution was divided into two aliquots, with one of the aliquots being 
further subjected to RNA and the other to DNA processing for NGS.

One aliquot was concentrated to a final volume of 13 µl using the RNeasy MinElute 
Cleanup Kit (Qiagen) and subjected to DNase digestion by Turbo DNA-free (Life Tech-
nologies, Darmstadt, Germany) at 37°C for 20 minutes according to the manufacturers’ 
instructions. Total purified and concentrated RNA was reverse-transcribed into cDNA 
using random hexamers, RNaseOUT™ and Superscript II (Life Technologies) following 
the manufacturers’ instructions, albeit an additional denaturing step of 95°C for 5 minutes 
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was used for initial RNA denaturation. Second strand synthesis was performed with the 
NEBNext® Second Strand Synthesis Module according to the manufacturers’ instructions 
(New England Biolabs, Frankfurt/Main, Germany). The resulting double-stranded cDNA 
(ds-cDNA) and the originally extracted DNA fraction were further purified with the Min-
Elute PCR Purification Kit (Qiagen). In none of the experiments was the capacity limit of 
the columns of 5 µg exceeded (Table 4.2).

Virus genome quantification via real-time PCR
Following nucleic acid extraction by the different kits (Table 4.1), their individual perfor-
mance regarding the yield of viral nucleic acids was compared by quantitative real-time 
PCR. RNA was reversely transcribed into cDNA as described in the paragraph above. Spe-
cific real-time PCR protocols were applied in duplicate to each aliquot, using the Applied 
Biosystems 7500 Real Time PCR System (Applied Biosystems, Darmstadt, Germany), for 
the quantification of T3/Bat/Germany/342/08 Reovirus as previously described by Kohl 
et al. (2012), Orthomyxovirus/Influenza viruses by Schulze et al. (2010), Orthopoxviruses 
by Schröder and Nitsche (2010) and Sendai virus by Kohl et al. (2015). The PCR reac-
tion mixture consisted of 1 U Platinum Taq DNA polymerase (Invitrogen, Darmstadt, 
Germany), 1x Platinum Taq Buffer (Invitrogen), 5 mM MgCl2 (Invitrogen), 300 nM of 
each primer, 100 nM of TaqManprobe and 100 µM mix of dNTPs (Invitrogen). All PCR 
reaction mixtures were performed in a final volume of 25 µl containing 3 μl of the samples. 
Identical conditions were used for all PCR reactions: an enzyme activation step at 95°C for 
10 minutes, followed by 45 cycles with a 95°C denaturation step for 15 s and 60°C annealing 
for 35 s (Bustin et al., 2009).

Quantification of total nucleic acid
Prior to further library processing, the yield of transcribed RNA and DNA extracted was 
determined by Qubit® 2.0 Fluorometer (Qubit® dsDNA HS Assay Kit, Invitrogen). The 
assay is designed for the accurate measurement of sample concentrations from 10 pg/µl to 
100 ng/µl.
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Library preparation and sequencing
NGS libraries were generated with the Nextera XT DNA Sample Preparation Kit according 
to the manufacturer’s instructions (Illumina, San Diego, CA, USA). For quantification of 
NGS libraries the KAPA Library Quantification Kits for Illumina sequencing (Kapa Bio-
systems, Wilmington, MA, USA) were used. Due to the fact that the starting amount of 
1 ng of nucleic acid was not reached in the case of the RNA preparations after the second 
strand synthesis, the entire sample volume was added to the library. Both the RNA and 
DNA libraries were sequenced. Sequencing was performed on the Illumina HiSeq 1500 
system in rapid-run mode. A paired-end protocol was used with read lengths of 2 × 150 bp 
and a total run time of 40 h.

Bioinformatics analysis
The bioinformatics analysis was performed by mapping the reads obtained to the ref-
erence genome sequences of the four viruses present in the sample, using bowtie2 
(Langmead and Salzberg, 2012). Reference sequences were: reovirus: NCBI accession 
numbers JQ412763.1, JQ412761.1, JQ412759.1, JQ412757.1, JQ412755.1, JQ412764.1, 
JQ412762.1, JQ412760.1, JQ412758.1 and JQ412756.1; influenza virus: NCBI accession 
numbers NC_002018.1, NC_002016.1, NC_002023.1, NC_002021.1, NC_002019.1, 
NC_002017.1, NC_002020.1 and CY033582.1; Orthopoxvirus: NCBI accession number 
NC_006998.1; and Sendai virus: NCBI accession number EF679198.1.

Comparison of extraction kit performance
For the comparison of different commercially available DNA and RNA extraction kits, four 
different viruses with different characteristics were chosen: Reovirus, Orthomyxovirus, 
Orthopoxvirus and Paramyxovirus. Following nucleic acid extraction, NGS was applied in 
order to determine the performance of each kit regarding viral nucleic acid detection.

The nucleic acid concentrations following DNA preparation were close to 1 ng/µl which 
is the amount required theoretically for library preparation with the Nextera XT Sample 
Prep Kit® according to the manufacturer’s instructions (Table 4.2). The highest DNA 
concentration on average was found in samples extracted by the QIAamp Viral RNA Mini 
Kit (2.3 ng/µl), while extraction with the QIAamp DNA Blood Mini Kit and QIAamp 
cador pathogen detection kit resulted in the lowest concentration (1.0 ng/µl). However, all 
four viruses were detectable after nucleic acid preparation by quantitative real-time PCR, 
indicating a detectable amount of viral nucleic acid in the respective samples (Table 4.3). 
Interestingly, both DNA and RNA viruses were detected using the QIAamp Viral RNA Mini 
Kit and the QIAamp DNA Blood Mini Kit, although these kits are designed for either DNA 
or RNA.

According to quantitative real-time PCR results, the efficiency of Orthomyxovirus, 
Orthopoxvirus and Orthoreovirus genome extraction was higher when using the QIAamp 
cador Pathogen Mini Kit than when using the QIAamp MinElute Virus Spin Kit. The lowest 
CT values for Paramyxovirus were reached for samples extracted with the QIAamp Viral 
RNA Mini Kit (CT 15.8 ± 0.4) while the QIAamp MinElute Virus Spin Kit had the lowest 
detectability (CT 17.4).

Illumina sequencing of the respective libraries following DNA or RNA preparation 
resulted in 93 million paired-end reads (150 + 150 bp), with a total of 24.5 Gbp sequence 

Curr. Issues Mol. Biol. Vol. 24



Klenner et al.66 |

information. On average, the percentage of bases with a quality score greater than 30 was 
88.15%. The average number of reads from each library and the percentage of reads mapping 
to the reference genomes of all viruses examined are shown in Table 4.4.

In both libraries derived from DNA and RNA preparation, the number of non-viral reads 
exceeded the number of viral reads. The total number of sequence reads for each sample 
ranged from 5,827,117 to 10,537,950 reads in the RNA preparation and from 9,176,541 
to 13,256,053 reads in the DNA preparation. On average, a higher proportion of non-viral 
reads was observed following DNA preparation (98.92%) compared to RNA preparation 
(71.8%).

Overall, the QIAamp MinElute Virus Spin Kit allowed the recovery of the highest 
percentage of viral reads after RNA preparation while generating the lowest percentage of 
non-viral reads. The QIAamp cador Pathogen Mini Kit showed the second-best performance 
regarding RNA preparation read recovery and the best read recovery for the Orthopoxvirus 
DNA library. The largest difference in percentage of recovered reads was observed in the 
Orthopoxvirus library, where the highest percentage was close to twofold higher than the 
lowest percentage. As visualized in Fig. 4.2, the performance of the kits concerning the 
tested viruses generally showed only small differences, and all viruses could be detected via 
NGS after preparation with each kit.

As shown in Table 4.3, the results obtained from real-time PCR are somewhat different. 
The QIAamp MinElute Virus Spin Kit, which allowed for the recovery of the highest per-
centage of viral reads for RNA viruses and an average percentage of viral reads for the DNA 
virus by NGS, produced the highest CT values for all viruses. However, the QIAamp cador 
Pathogen Mini Kit produced both the highest percentage of Orthopoxvirus reads in NGS 
and the lowest Orthopoxvirus CT of all kits tested.

Discussion
In this study we compared four pre-selected QIAGEN kits (QIAamp Viral RNA Mini Kit, 
QIAamp DNA Blood Mini Kit, QIAamp cador Pathogen Mini Kit and QIAamp MinElute 
Virus Spin Kit) with NGS in terms of their ability to recover sequence information of four 
different viruses (Reovirus, Orthomyxovirus, Orthopoxvirus and Paramyxovirus). These 
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viruses with varying genome characteristics were selected to cover a broad range of viruses 
possibly present in a clinical sample. In contrast to a clinical sample, the mixed aliquots were 
all at fairly high titres with a minor complexity because the focus of this study was the com-
parison of different extraction kits and not the evaluation of the detection limit of NGS for 
metagenomics. While similar studies have shown that for PCR – the current gold standard 
for nucleic acid-based diagnostics – no single kit is perfect for all pathogens (Dauphin et al., 
2010, Fahle and Fischer, 2000; Krause et al., 2006; Ribao et al., 2004), to our knowledge this 
is the first study directed at NGS-based pathogen detection.

Table 4.4 Percentage  of viral reads and total num er of reads  o tained after llumina 
sequencing  e est results are given in old
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As shown in Table 4.4, all viruses could be detected using any of the kits compared, 
with the highest percentage of reads recovered by the QIAamp MinElute Virus Spin Kit for 
Reovirus, Orthomyxovirus and Paramyxovirus and by the QIAamp cador Pathogen Mini 
Kit for the Orthopoxviruses, respectively. Interestingly, this is in contrast to the results (CT 
values) obtained for each recovery by corresponding real-time PCR shown in Table 4.3. In 
the real-time PCR results, QIAamp MinElute Virus Spin Kit has the highest CT value for 
all viruses tested. PCR quantifies the total number of target sequences in the sample, while 
NGS quantifies the number of target sequences in relation to the total number of sequences 
in the sample. Thus, when preparing nucleic acid for PCR-based detection, it is most impor-
tant not to decrease the total amount of nucleic acid in the sample to preserve as many total 
PCR targets as possible; however, dilution of the nucleic acid prior to PCR reaction may 
sometimes be required to prevent PCR inhibition by too high amounts of DNA.

In contrast, when preparing nucleic acid for NGS-based detection (i.e. metagenomics), 
it is most important to deplete the host nucleic acid more efficiently than the virus nucleic 
acid. It is to a certain degree acceptable to decrease the pathogen nucleic acid, as long as 
the host nucleic acid is decreased by a higher factor to increase the detection likelihood. 
Subsequently, available publications comparing different preparation kits, based on their 
performance in PCR-based detection methods alone, are not expedient for NGS-based 
detection approaches.

In the study presented, only slight differences in the number of recovered NGS reads were 
observed between all kits tested – the highest difference observed between the recoveries of 
two kits is just above twofold (Fig. 4.2). While not conclusive due to the defined number of 
model organisms tested, our results suggest that NGS-based detection is not dependent on 
the choice of nucleic acid extraction kit.

This allows choosing kits according to other parameters in the decision process. One 
factor could be costs which range from €2.90 to €4.48 per reaction, the most economical 
solution being the QIAamp Viral RNA Mini Kit. Or the QIAamp cador Pathogen Mini Kit 
is the only one tested not requiring a heating block. All of the kits tested are compatible with 
the QIAcube automated extraction system. In summary, while all kits perform similarly well, 
the QIAamp MinElute Virus Spin Kit seems most advantageous for NGS due to the low elu-
tion volume of 20 µl. In general, detection of viruses is made difficult by their structural and 
genetic diversity (Hulo et al., 2011). The lack of a universally conserved region analogous to 
bacterias’ 16S rRNA prohibits generic amplification and enrichment. The small size of the 
viral genome compared to the host genome (e.g. the porcine circoviruses, with about 1.7 kb, 
versus the human genome, with 3,000,000 kb) adversely affects the nucleic acid ratio in a 
sample (Finsterbusch and Mankertz, 2009; Hulo et al., 2011; Nagele, 2011). Background 
reads such as the human genome thus present a major problem when using NGS for patho-
gen detection, necessitating to rely either on huge sequencing depth or on luck for finding 
viral sequences. This attaches importance to the methods for extraction and enrichment 
of viral nucleic acid from clinical samples which allow better detection of pathogens using 
NGS; obviously an important factor in the adoption of NGS as a standard method for 
clinical diagnostics. Available research data show that in metagenomic and virome studies 
the virus purification and enrichment have a high level of importance. Optimization of the 
extraction process has already led to an increase in the detection likelihood of viruses from 
organ tissue (Kohl et al., 2015). In summary, one can use any of the compared kits for the 
extraction of nucleic acid from fluid samples.
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