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Method
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respiratory virus genomic identification and analysis
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Next generation sequencing (NGS) technologies have revolutionized the genomics field and are becoming more common-
place for identification of human infectious diseases. However, due to the low abundance of viral nucleic acids (NAs) in
relation to host, viral identification using direct NGS technologies often lacks sufficient sensitivity. Here, we describe an
approach based on two complementary enrichment strategies that significantly improves the sensitivity of NGS-based virus
identification. To start, we developed two sets of DNA probes to enrich virus NAs associated with respiratory diseases. The
first set of probes spans the genomes, allowing for identification of known viruses and full genome sequencing, while the
second set targets regions conserved among viral families or genera, providing the ability to detect both known and poten-
tially novel members of those virus groups. Efficiency of enrichment was assessed by NGS testing reference virus and clinical
samples with known infection. We show significant improvement in viral identification using enriched NGS compared to
unenriched NGS. Without enrichment, we observed an average of 0.3% targeted viral reads per sample. However, after
enrichment, 50%-99% of the reads per sample were the targeted viral reads for both the reference isolates and clinical
specimens using both probe sets. Importantly, dramatic improvements on genome coverage were also observed following
virus-specific probe enrichment. The methods described here provide improved sensitivity for virus identification by NGS,
allowing for a more comprehensive analysis of disease etiology.

[Supplemental material is available for this article.]

Numerous infectious diseases, including 25%-50% of acute low-
er respiratory tract illnesses, go undiagnosed (Garau and Calbo
2008). Failures in detection may result from the limited repertoire
of routine diagnostics or the inability of commonly used PCR
methods to pick up variants of known pathogens or unknown
and previously unrecognized pathogens. Using next generation se-
quencing (NGS) for viral detection and discovery provides signifi-
cant advantages to traditional viral diagnostic assays—full genome
sequences may be obtained and targets are not limited by pre-ex-
isting knowledge of the pathogen. However, one of the greatest
challenges to NGS as a routine, affordable, diagnostic tool is the
relative paucity of viral nucleic acids (NAs) present in clinical
samples.

In an effort to increase the proportion of viral sequences ob-
tained by NGS, several techniques for non-sequence-specific viral
enrichment have been implemented. Ultracentrifugation, sample
filtration, and viral culture have been used to enrich viral particles
prior to nucleic acid extraction (Breitbart and Rohwer 200S5;
Duhaime and Sullivan 2012). Additionally, host genomic DNA
depletion by DNase treatment or ribosomal RNA depletion have
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been used to reduce levels of host NAs in a sample (Allander
et al. 2001). Although these methods show modest levels of im-
provement in detection of viral target sequence reads, they do
not achieve the desired sensitivity.

An alternative sequence-specific approach involves hybridi-
zation-based sequence capture of specific NAs using 80- to 120-
mer DNA or RNA probes (Lovett et al. 1991; Albert et al. 2007;
Hodges et al. 2007; Okou et al. 2007). Several groups have em-
ployed this method for virus-specific capture and genome enrich-
ment prior to NGS (Depledge et al. 2011; Mate et al. 2015; Olp
et al. 2015). Using the SureSelect*” Target Enrichment System,
Depledge et al. (2011) enriched human herpesviruses from clinical
samples, finding significant improvement in sequencing depth.
Two studies have described the use of enrichment for characteriza-
tion of Ebola virus and Kaposi’s sarcoma-associated herpesvirus
using Illumina TruSeq RNA Access and Agilent SureSelect™"
Target Enrichment, respectively (Mate et al. 2015; Olp et al.
20135). Collectively, these strategies result in increased target se-
quence reads and improved depth of coverage.
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Sequence-specific enrichment probes have also been used
in the study of the human virome (Briese et al. 2015; Wylie
et al. 2015). Briese and colleagues developed the Virome Capture
Sequencing Platform for vertebrate viruses, where the authors de-
signed ~2 million viral enrichment probes to target all virus taxa
where at least one virus was known to infect vertebrates (Briese
et al. 2015). This method resulted in a 100- to 1000-fold increase
in the number of targeted viral reads and reduction in host back-
ground. Similarly, Wylie et al. (2015) reported the ViroCap enrich-
ment system, where a custom panel of 2.1 million genus- and
virus-specific probes targeted against vertebrate viruses from 34
families allowed for viral enrichment in clinical specimen libraries.
In both studies, the probe design targeting known sequences was
limited in identification of highly divergent viruses.

Here, we report an approach for target-based enrichment for
sensitive detection of a broad spectrum of respiratory viruses by
NGS. We used two complementary panels of oligonucleotide
probes targeted against representative common respiratory viruses
as a proof of concept. They are (1) virus-specific probes that span
the full genome of common respiratory viruses, and (2) conserved
viral group probes that target against conserved regions from each
of nine viral families or subfamilies that are associated with respi-
ratory diseases. The virus-specific probes allow for full genome se-
quencing, which contributes to a more complete and confident
identification and characterization of target viruses. The conserved
viral group probes enable detection of divergent viruses with the
potential to recognize novel viruses within these known viral
families. The combination of these two enrichment approaches
is expected to increase the number of usable reads per sample
and per sequencing run, significantly improving the sensitivity
and value of NGS for viral detection, discovery, and sequence
characterization.

Results

Enrichment analysis of reference viruses with two hybridization
probe sets

Both sets of enriching probes provide significant improvement, in-
creasing both the overall rate of virus detection and the percent tar-
geted viral reads (PTRs) per sample by NGS. We first evaluated the
enrichment by virus-specific probes using representative reference
viruses from viral families associated with human respiratory dis-
eases (Supplemental Table S1). Prior to library preparation, we de-
termined the virus load (C;) where real-time PCR assays were
available. Viral C; values ranged from about 21 to 33, depending
on the available reference virus NA stock, with most C; values at
or around 25. For each sample, we generated two parallel libraries
from the same viral NA template using different sequencing indi-
ces. This allowed us to assess samples with and without enrich-
ment on the same sequencing run.

The virus-specific probe pool improved detection of target vi-
rus for all of the reference virus NAs tested when compared to their
unenriched matches, except the HBoV1 virus (Fig. 1). Overall en-
richment with virus-specific probes results in a 7285-fold median
increase in PTRs (increase ranges from 33- to 188,019-fold)
(Supplemental Table S2). Notably, 18 of the 26 (69%) samples im-
proved to 50%-99% PTRs following enrichment: 229E, NL63,
0C43, AdV E4, HPeV6, HRV B14, HPIV1, HPIV2, HPIV3, RSV A2,
RSV B1, HMPV83, all five representative influenza A viruses, and
one influenza B (B/Yamagata) virus (Fig. 1; Supplemental Table
S2). Three samples—AdV B11, HMPV7S, and HPeV1—were en-
riched to 20%-45% PTRs. The overall linear genome coverage
and depth of coverage was improved dramatically, as 73% of the
samples generated a linear genome coverage of more than 85%
(Supplemental Table S2), which provided sufficient sequence
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Figure 1. Distribution of sequence reads for reference samples enriched with virus-specific probes. The frequency of reads identified by Kraken for each

sample with and without enrichment (H: hybridized; NH: nonhybridized) is shown in bar graphs for each viral family/subfamily tested: (A) Coronavirinae;
(B) Adenoviridae; (C) Parvovirinae; (D) Picornaviridae; (E) Paramyxoviridae; (F) Pneumoviridae; (G) Orthomyxoviridae. (*) Frequency of reads obtained from
BWA-MEM read mapping. Abbreviations of virus names are listed in Supplemental Table S1.
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information to confirm virus identity. Enrichment of HKU1, AdV
C2, influenza B/Victoria, and HBoV3 was less efficient (<10%
PTRs) (Fig. 1; Supplemental Table S2), and enrichment of HBoV1
was not successful.

The same set of 25 out of 26 reference virus sequencing li-
braries described above was also used to test the efficiency of en-
richment with the conserved viral group probe set. In order to
evaluate the enrichment for divergent viruses by the conserved vi-
ral group probe set, we included an additional 27 reference viruses
of human and animal origin in these experiments (Supplemental

Table S1). We were able to detect a total of 48 of 52 target viruses
in the enriched samples, while the majority of viruses were diffi-
cult to confirm in the unenriched match (Fig. 2; Supplemental
Table S3). The PTRs per sample is also greatly increased following
enrichment. Of the 48 samples that tested positive, we found 17
with >80% PTRs, 17 with 50%-80% PTRs, and 14 with <50%
PTRs following enrichment. Enrichment also resulted in an
8990-fold median increase in PTRs (range from O to 1,211,475-
fold), with an increase across all families (Fig. 2; Supplemental
Table S3). Notably, enrichment with the conserved viral group
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Figure 2. Distribution of sequence reads for reference samples enriched with conserved viral group probes. The frequency of reads identified by Kraken
for each sample with and without enrichment (H: hybridized; NH: nonhybridized) is shown in bar graphs for each viral family/subfamily tested:
(A) Coronavirinae; (B) Adenoviridae; (C) Polyomaviridae; (D) Parvovirinae; (E) Reoviridae; (F) Picornaviridae; (G) Paramyxoviridae; (H) Pneumoviridae;
(I) Orthomyxoviridae. (*) Frequency of reads obtained from BWA-MEM read mapping. Abbreviations of virus names are listed in Supplemental Table S1.
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probe set resulted in detection of all 25 human respiratory viruses
targeted by the virus-specific probes, as well as an additional 23 vi-
ruses that were not targeted by the virus-specific probes. Examples
include Middle East respiratory syndrome coronavirus (MERS-
CoV), avian infectious bronchitis virus (IBV), canine parainfluenza
virus 2 (CPIV2), simian virus 41 (SV41), canine distemper virus
(CDV), Colorado tick fever virus (CTFV), Bunyip Creek virus
(BCV), and several avian influenza viruses (Fig. 2). Four viruses—
BK polyomavirus (BKV), mammalian orthoreovirus type 1 (Reo
T1), epizootic hemorrhagic disease virus (EHDV), and Great
Island virus (GIV)—were not enriched.

Improvement on sensitivity and viral genome coverage

An important consideration for the viral genome capture protocol
is how it affects the overall sensitivity of virus detection by NGS. To
assess the relative sensitivity, we compared the highest sample C
value with positive targeted viral reads and linear genome coverage
before and after enrichment by the virus-specific probe set on vi-
ruses at various viral loads (Fig. 3A; Supplemental Table S4).
Representative reference viruses selected for the Coronavirinae,
Adenoviridae, Pneumoviridae, and Orthomyxoviridae families/sub-
families are OC43, AdV E4, RSV A2, and influenza A/Sydney/05/

97 (H3N2), respectively. We prepared libraries from 10-fold dilu-
tions of these reference virus samples that had been spiked into
equivalent amounts of human RNA. The resulting viral C; ranged
from 22.1 to >38. As in previous experiments, we generated paral-
lel, independently barcoded libraries using the same viral NA mix-
ture in order to compare targeted viral reads with and without
enrichment on the same sequencing run. Using these libraries,
we were able to measure the detection limit following viral genome
enrichment.

We used a relative read count threshold (0.01%) based on an
empirical overall barcode contamination rate to exclude low viral
reads due to potential barcode contamination. Samples with a
low number of viral reads (<0.01% of the highest number of reads
obtained for any sample of the same virus in the same run) were
labeled as negative (Supplemental Tables S4, SS5). We determined
the endpoint of detection as the highest sample C; with positive
targeted viral reads. Endpoints were assessed both prior to and after
enrichment, and improvement in endpoint detection was de-
scribed as the log difference between the two. For OC43, using vi-
rus-specific probes, we could detect the virus from pre-enrichment
samples at C; 24.1, while from post-enrichment samples, we de-
tected the virus at C; 36, a >3-log improvement in endpoint detec-
tion compared to the unenriched sample (Fig. 3A; Supplemental
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Sensitivity of enrichment in hybridization. Samples were prepared as 10-fold serial dilutions of reference viral nucleic acids spiked into a cons-

tant amount of human RNA prior to library preparation. The frequency of reads identified by Kraken is shown in bar graphs for each sample with and with-
out enrichment (H: hybridized; NH: nonhybridized) for (A) virus-specific probe enrichment and (B) conserved viral group probe enrichment. From the same
sequencing run, the linear genome coverage is shown (C) for samples with enrichment (diagonal stripes) or without enrichment (white) with virus-specific
probes. Viral C; and (average) depth of coverage are shown below the bar graphs. Abbreviations of virus names are listed in Supplemental Table S1.
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Table S4). With the conserved viral group probes, we observed a 2-
log improvement in detection for OC43 and detected OC43 at C;
32 post-enrichment (Fig. 3B; Supplemental Table S5). We observed
3-log improvement in detection for AdV E4 (C; 33), RSV A2 (C; 39),
and influenza A/Sydney/05/97 (H3N2) (C, 39) when using the vi-
rus-specific probes (Fig. 3A; Supplemental Table S4). With the con-
served viral group probe enrichment, at least 3-log improvement
was achieved for AdV E4 at C; 33 and influenza A/Sydney/05/97
(H3N2) at C; 39, and 2 logs for RSV A2 at C. 39 (Fig. 3B;
Supplemental Table S5). Overall, these results highlighted that
these enrichment strategies resulted in a robust improvement in
the relative endpoint sensitivity of viral detection by NGS.

We also assessed improvements on linear genome coverage
for this set of viruses using the virus-specific probe set. For both en-
riched and unenriched samples, linear genome coverage decreased
relative to the reduced viral loads (Fig. 3C; Supplemental Table S4).
To show the effect that enrichment has on genome coverage, we
measured the fold change in coverage between unenriched (non-
hybridized) and enriched (hybridized) samples. The overall linear
coverage was greatly increased for enriched samples, up to a 184-
fold increase above unenriched samples (Supplemental Table
S4). Additionally, we obtained near full genome coverage for
0OC43, RSV A2, and AdV E4 viruses at their top two viral loads test-
ed (around C; 30) and for influenza A Sydney/05/97 (H3N2) at its
top three viral loads tested (around C; 36). This genome sequence
information allowed us to confirm the individual virus identity.
For unenriched samples, we did not observe full genome coverage
from any sample except influenza A Sydney/05/97, which had full
genome coverage at its top one viral load tested (around C; 26.4)
(Fig. 3C; Supplemental Table S4).

Enrichment analysis of clinical samples with two hybridization
probe sets

Following the validation of enrichment using reference samples,
we proceeded to test enrichment of NAs from a collection of clin-
ical samples confirmed to contain known viruses (Supplemental
Table S1). We selected between one and 11 clinical samples with
known viral infection from each viral family/subfamily to test
the performance of our two sets of enriching probes. Some of the
virus-specific probes, such as probes for HPIV4 that were not eval-
uated using reference viruses, were evaluated using clinical sam-
ples. Viral loads (where available) range from a C; value of 17.4
to 32 (Supplemental Table S1). Again, for each clinical sample,
we generated two parallel and separately barcoded libraries to as-
sess samples with and without enrichment on the same sequenc-
ing run. We observed improvements in the rate of target virus
detection in these clinical samples, for both sets of probes, com-
pared to unenriched samples (Figs. 4, 5; Supplemental Tables S6,
S7). Many viruses were nearly undetectable in the unenriched
specimens—all samples had <1% PTRs and 10 samples had <100
targeted viral reads (Supplemental Table S6, S7).

Virus-specific probe enriched viral reads for 20 of the 22 clin-
ical samples tested (Fig. 4; Supplemental Table S6). Collectively,
virus-specific probe enrichment leads to a median 2308-fold in-
crease in PTRs above unenriched (range of 0- to 136,310-fold)
(Supplemental Table S6). Nearly all clinical samples display high
levels of virus sequence enrichment following hybridization,
with the exception of HRV A62 and HRV Cé6. Of the 22 sample
libraries tested for enrichment with virus-specific probes, we iden-
tified 11 samples with >80% PTRs, eight samples with 50%-80%
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Figure 4. Distribution of sequence reads for clinical samples enriched with virus-specific probes. The frequency of reads identified by Kraken for each
sample with and without enrichment (H:hybridized; NH: nonhybridized) is shown in bar graphs for each viral family/subfamily tested:
(A) Coronavirinae; (B) Adenoviridae; (C) Parvovirinae; (D) Picornaviridae; (E) Paramyxoviridae; (F) Pneumoviridae; (G) Orthomyxoviridae. Viral C; is shown below
the bar graphs. (ND) C; not available. Abbreviations of virus names are listed in Supplemental Table S1.

Genome Research 873
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.226316.117/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 19, 2026 . Published by Cold Spring Harbor Laboratory Press

O’Flaherty et al.

A Coronavirinae B Adenoviridae Cc Parvovirinae D Polyomaviridae
229 oc4a3 HKU1
oo 2 (2) (2) cHKU23  MERS-CoV  ~ ~ AdVC AdV E Loy HBOVL Lo, TSPW McPyY
90% 90% 90% 90%
80% 80% 80% 80%
w 7% 70% 70% 70%
T 0% 60% 0% 60%
g 50% 50% 50% 50%
°\° 40% 40% 40% 40%
30% 30% 30% 30%
20% 20% 20% 20%
10% 10% 10% I 10%
0% 0% 0% 0%
NH H NH H NH H NHH NH H NH H NH H NH H NH H NH H
Viral Ct.  32.0 31.8 27.6 24.0 17.4 23.1 29.1 ND ND
E Reoviridae F Picornaviridae
100y Tt A* 100 HRVA29 HRVA62 HRVB14 HRVB37 HRVB83 HRVC6 HRVC30 HRVC44 EV-A V-C CVA-21
90% 90%
80% 80%
70% 70%
% 60% 60%
s 50% 50%
C o 40%
R 0 30%
20% 20%
10% 10%
0y . 0%
NH H NH H NH H NH H NH H H NHH NH H NH
Viral Ct.  ND 285 28.0 30.1 24.3 29.7 29.8 26.0 206 25.1 19.0
Orthomyxoviridae
G Paramyxoviridae H Pneumoviridae | Influenza A Influenza B
Serotype
100% H'?z) HPIV3 (ZI;IZ HPI\M 100 RSVB HMPV 100% (H1) (H3) Victoria  Yamagata
90% 90% 90%
80% 80% 80%
70% 70% 70%
B 60% 60% 60%
o s0% 50% 50%
$ 40% 40% 40%
SN 30% 30% 30%
20% 20% 20% Il Targeted viral reads
0% . 10% 0% Off-target reads
0% - 0% 0% =
NH H NH H NH H NH H NH H NH H NHH H
Viral Ct.  24.6 25.5 206 27.9 17.8 23.5 23.2 22.3 26.5 20.2 27.8

Figure 5. Distribution of sequence reads for clinical samples enriched with conserved viral group probes. The frequency of reads identified by
Kraken for each sample with and without enrichment (H: hybridized; NH: nonhybridized) is shown in bar graphs for each viral family/subfamily test-
ed: (A) Coronavirinae; (B) Adenoviridae; (C) Parvovirinae; (D) Polyomaviridae; (E) Reoviridae; (F) Picornaviridae; (G) Paramyxoviridae; (H) Pneumoviridae;
and (1) Orthomyxoviridae. Viral C; is shown below the bar graphs. (ND) C; not available. (*) Frequency of reads obtained from BWA-MEM read map-

ping. Abbreviations of virus names are listed in Supplemental Table S1.

PTRs, one sample with <50% PTRs, and two samples with rhinovi-
ruses A62 and C6 that failed to enrich efficiently. We also observed
an overall improvement on average depth of coverage for all of the
clinical samples after enrichment as well as on linear genome cov-
erage (>50%) for all clinical samples except the HRV B14 sample
that was less efficiently enriched (Supplemental Table S6). This im-
proved genome coverage provided sequence information needed
to confirm each virus identity.

In cases of coinfection with two or more viruses at different
titers, there could be issues with one enriched virus saturating
the available reads, obscuring detection of the other. To simulate
this situation, we generated experimentally mixed samples that
contain two viruses, RSVA and OC43, at differing titers. These vi-
ruses were sourced from a bank of single-infection clinical samples
in order to keep the comparison in the range of relevant clinical pa-
rameters. In one mixed sample, RSVA is present with higher viral

loads (C; 28) and OC43 with lower viral loads (C; 32), while in
the other mixed sample, OC43 is present with higher viral loads
(C; 28) and RSVA with lower viral loads (C; 32). We observed sub-
stantial enrichment of both viruses in both samples, although
with the lower viral load viruses, there was an unsurprising corre-
sponding lower viral read (Table 1). Genome coverage was not af-
fected in the mixed samples, and 95%-100% genome coverage was
obtained for both viruses in both samples (Table 1).

With the conserved viral group probes, we observed viral read
enrichment in 30 of the 33 clinical samples tested, leading to a me-
dian increase in PTRs of 15,252-fold above unenriched (range of
21-to 554,254-fold) (Supplemental Table S7). For unenriched sam-
ples, 29 of 33 contain <1% PTRs, and 23 of 33 contain fewer than
100 total viral reads. Following enrichment with the conserved
probe set, we observed 16 samples with >80% PTRs, eight samples
with 50%-80% PTRs, six samples with <50% PTRs, and three
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Table 1.

Virus-specific probe hybridization for mixed clinical samples with known viral infection

Targeted viral reads (no.)

Linear genome coverage (%) Average depth of coverage

Non- Non- Non-
hybridized Hybridized hybridized Hybridized hybridized Hybridized
Mixed samples RSVA  0OC43 RSVA 0C43 RSVA. 0OC43 RSVA 0C43 RSVA  0C43 RSVA 0C43
RSVA (G 28) and OC43 (C; 32) 74 3 34,907 1613 433 0.3 99.4 98.7 1.4 0 870.5 20.7
RSVA (C; 32) and OC43 (C, 28) 4 57 3761 99,186 4.3 251 95.9 100 0.1 0.6 93.2 12535

samples which failed to enrich. There were dramatic improve-
ments in detection for coronaviruses OC43, HKU1, MERS-CoV,
and camel CoV HKU23; adenoviruses AdV C and AdV E; parvovi-
rus HBoV1; rotavirus A; and all viruses tested for picornaviruses,
paramyxoviruses, pneumoviruses, and influenza A and B viruses
(Fig. 5; Supplemental Table S7). Enrichment was inefficient for
clinical samples with known infection of coronavirus 229E and
two polyomaviruses (Fig. 5).

Discussion

The utility and convenience of NGS-based sequencing for routine
pathogen detection and discovery is hindered by the abundance of
host and commensal NAs, which results in reduced sensitivity for
virus detection by NGS. In this study, we show greatly improved
NGS-based virus detection following enrichment of viral NAs us-
ing two complementary sets of probes, testing both viral reference
and clinical samples. Our virus-specific probes also improve linear
genome coverage with greater depth. The information gained by
increased or full genome sequencing allows for detection of viral
mutations or minor variants which may prove useful in viral trans-
mission and evolution studies.

Notably, we observe that our virus-specific probes are effec-
tive when they share 90% or more nucleotide similarity with the
probe sequences. This is consistent with other observations for hy-
bridization-based capture performance (Briese et al. 2015). This
high level of hybridization stringency likely contributes to the
inability to enrich related viruses with insufficient sequence ho-
mology, including members of the picornavirus family. For exam-
ple, HRV A62 and HRV C6 in clinical samples do not enrich (Fig.
4D)—there is only a 70% match in nucleotide identity between
the genome sequences of HRV A89 (NC_001617.1), the virus strain
used for probe design, and HRV A62, the virus tested. Similarly,
there is only an average of 70% match in nucleotide identity be-
tween HRV C (NC_009996.1), the species used for probe design,
and HRV C6, the species tested, based on the partial sequences
available for HRV C6. As expected, we observed that HMPV83,
which was used for the HMPV probe design, was enriched more ef-
ficiently than HMPV?75 virus. In addition, viruses 229E, mammali-
an orthoreovirus type 1, epizootic hemorrhagic disease virus, and
Great Island virus were not enriched by the conserved viral group
probe set. The enrichment failure for these viruses could be due
to the probe sequence issues, and thus the conserved probe set for
coronaviruses and reoviruses may need to be further optimized.

The ability to obtain high-quality genome sequences is a ma-
jor benefit of using this method. Linear genome coverage (percent
of the genome sequenced) and the depth of sequencing at each
base (number of supporting reads) are both important. In this
study, we demonstrate that virus-specific probe enrichment signif-
icantly improves linear genome coverage as well as sequencing
depth in viruses with C; values in the high 20s into the 30s

(Supplemental Tables S4, S6). The increased depth of coverage
over a full or nearly full genome makes virus classification more ac-
curate, as we can be more confident at every base. Even when sam-
ples with low viral loads had low linear genome coverage, the
sequence islands with high read depth scattered along the genome
can be used for subsequent PCRs to fill the genome gaps for virus
classification and typing.

Importantly, in this study we show that the conserved viral
group probes are capable of detecting divergent and potentially
unknown viruses. Their design focuses on conserved regions of
the viral genome within a viral family, subfamily, or genus. Using
these probes will not result in full genome sequences but will allow
for enrichment of a more diverse collection of viruses, including
both known and potentially novel viruses. For example, the re-
cently discovered viruses MERS-CoV, camel coronavirus HKU23,
Colorado tick fever virus, and Bunyip Creek virus were enriched us-
ing the conserved viral group probe set. Another benefit of the
conserved viral group probe pool is that it requires only a modest
number of oligonucleotide probes to be synthesized, compared
to the millions of probes that would be required for enriching a
broad range of viruses. We used 346 probes with the ability to
detect a broad range of viruses, including both known and poten-
tially novel viruses associated with human respiratory disease, sig-
nificantly reducing the cost burden for pathogen discovery efforts.

The Illumina RNA Access library preparation kit used in this
pilot study generates libraries only from chemically fragmented
RNA. Thus, we would only expect to enrich DNA virus sequences
that were being actively transcribed into RNA. Accordingly,
many DNA viruses (e.g., polyomaviruses and parvoviruses) includ-
ed in this study did not enrich as efficiently as RNA viruses.
Adenoviruses, the parvovirus B19 reference sample (Fig. 2), and
HBoV1 clinical samples (Figs. 4, 5) enriched efficiently possibly
because of the presence of RNA transcript from the DNA virus ge-
nome. Efforts are under way to evaluate alternative kits that work
well for both RNA and DNA viruses.

Overall, our study presents a method that can reduce back-
ground noise and improve NGS sensitivity, which ultimately re-
duces cost and reduces the complexity of NGS-based virus
sequencing from unknown samples. The complementary pair of
respiratory probe panels are able to enrich full genomes of com-
monly known respiratory viruses and enrich key signatures of
divergent or novel viruses simultaneously, so that each sequencing
run is more likely to give useful information. The use of commer-
cially available reagents and an easy-to-follow protocol makes this
method easily adaptable in a variety of laboratory settings, and it
may be easily automated for a high-throughput setting. Further,
we are able to enrich viruses from nine families or subfamilies as-
sociated with common respiratory infection using the smaller con-
served viral group probe pool which contains just 346 probes. We
observe that the addition of more probes (increasing the conserved
viral group probe pool from 138 to 346 probes) does not decrease
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the efficiency of enrichment. The work presented here is a pilot
study based on a selection of representative respiratory viruses.
We will update the virus-specific probe set to include probes
against additional respiratory viruses and update the probes that
did not work as well as expected. This adaptability also paves the
way for larger panels, including the development of a pan viral
probe set for pan viral genome enrichment. Taken together, the
approaches described here offer an efficient and comprehensive
method to harness the power of NGS in routine laboratory and
clinical virus detection and discovery. The enriched NGS coupled
with the rapid diagnosis methods by real-time PCR will provide a
powerful and comprehensive tool for outbreak investigation of
both known and unknown infectious etiologies.

Methods

Viral samples and nucleic acid template preparation

A combination of reference virus samples and clinical specimens
used in this study are described in Supplemental Table S1. Clinical
specimens are respiratory specimens (nasopharyngeal swab, oro-
pharyngeal swab, or lung tissue) with known infection and were
selected from previous human respiratory etiology studies, de-
identified, and nucleic acids were extracted as described below.

Between one and 11 reference viruses of human or animal or-
igin were tested for each family/subfamily. Reference viruses that
match the viruses used for virus-specific probe design (Supplemen-
tal Table S8) were selected, including coronaviruses 229E, NL63,
0OC43, and HKU1; AdV C2 and AdV E4; pneumoviruses RSVA,
RSVB, and HMPV 83; paramyxoviruses HPIV1, HPIV2, HPIV3;
bocaviruses HBoV1 and HBoV3; influenza A virus A/Chicken/
HongKong (H9N2); picornaviruses HPeV1, HPeV6, and rhinovirus
HRV B14. In some cases a match was unavailable; therefore, we se-
lected the closest available viruses. For example, we used AdV B11
in place of the adenovirus B1 that the probes were based on. For in-
fluenza A virus, we selected the same serotype: A/New Caledonia/
20/99 and A/California/07/2009 (pandemic) for HIN1; A/Sydney/
05/97 (H3N2) and A/Avian Turkey/England for H3N2; and A/Avi-
an Duck/Hong Kong for H5N1. For influenza B virus, we included
both B/Yamagata and B/Victoria lineages, while the probes were
only based on B/Lee/40.

NAs were extracted using the QIAamp MinElute Virus Spin
Kit (Qiagen) according to the manufacturer’s instructions. NAs
eluted in nuclease-free water were aliquoted and stored at —80°C.
RNA was extracted from the human lung carcinoma cell line
AS549 (ATCC CCL-185) using TRIzol LS (Thermo Fisher Scientific)
according to the manufacturer’s instructions, and stored at —80°C.

A 1:1 mixture by volume of reference viral NAs and human
RNA was made to provide reference samples of known host/virus
content. For these mixtures, reference virus NAs were added to
A549 cellular RNA (the final concentration of the mixed RNA
was ~10 ng/uL, with RNase P C; of around 28, and viral C, of 23—
25 unless the only available reference virus had a viral C; higher
than 235). To evaluate the relative sensitivity of enrichment, refer-
ence virus NAs were first serially diluted (1:10), then mixed with a
constant amount of A549 RNA (samples were prepared using a 1:1
ratio by volume). NAs extracted from clinical specimens were ei-
ther used directly (undiluted) or spiked into A549 RNA as described
above.

Real-time PCR

RT-PCRs were performed using either AgPath-ID One-Step RT-PCR
(Thermo Fisher Scientific) or SuperScript III One-Step RT-PCR
System with Platinum Taq DNA Polymerase (Thermo Fisher

Scientific) according to the manufacturer’s recommended proto-
col, using primers and probes described previously (Supplemental
Table S9). In some cases, we obtained the C; of the sample from an-
other lab when available.

Hybridization probe design

We designed two different, complementary panels of oligonucleo-
tide probes, virus-specific probes and conserved viral group probes,
for hybridization-based enrichment of common respiratory virus-
es as described below.

Virus-specific probes were designed to span the genome, with
tiling probes targeted against a selection of common respiratory vi-
ruses (Supplemental Table S8) as previously described (Dehority
et al. 2017). Prior to probe design and selection, viral sequences
were masked for low-complexity sequences and common repeti-
tive elements in the human transcriptome (e.g., transposable ele-
ments). Probes otherwise cover protein-coding sequences of the
viral genomes, generally in a tiled, end-to-end design, with excep-
tions in cases where there was masked low-complexity or repetitive
sequence. A final cocktail of 5361 80-mer oligonucleotides was
generated.

Conserved viral group probes targeted against viruses associ-
ated with respiratory diseases (Supplemental Table S10) were de-
signed using the same algorithm as described previously (Tong
et al. 2008). For each taxon group, sequence alignments were gen-
erated, and conserved regions among all genomes of each viral
family or genus available in GenBank were identified. Consensus
and degenerate sequences were selected and single strand, 5'-end
biotinylated 80- to 131-mer oligonucleotides were synthesized; ol-
igonucleotides were normalized to 10 pM and pooled together in a
cocktail. A total of 346 conserved probes for this respiratory viral
panel were generated. The composition of the conserved enrich-
ment probe cocktail includes probes for members of Adenoviridae
(38), Coronavirinae (45), Orthomyxoviridae (31), Paramyxoviridae
(47), Parvovirinae (38), Picornaviridae (54), Pneumoviridae (9),
Polyomaviridae (36), and Reoviridae (48), with the number of oligo-
nucleotides shown in parentheses.

Library preparation and target enrichment

Library preparation and target enrichment were performed using a
TruSeq RNA Access Library Prep kit (currently, TruSeq RNA Exome
kit; [llumina) which contains reagents for both library preparation
and hybridization (Dehority et al. 2017). Briefly, 10-50 ng of viral
NA mixture or up to 5 uL of clinical sample NAs were used for library
preparation. Libraries were prepared in parallel with individual in-
dices for sequencing with or without hybridization enrichment.
Either virus-specific probes or conserved probes were used for
hybridization enrichment. The manufacturer’s protocol was fol-
lowed with the following modifications: (1) first-strand cDNA syn-
thesis was performed with SuperScript III Reverse Transcriptase
(Thermo Fisher Scientific) rather than SuperScript II Reverse
Transcriptase (Thermo Fisher Scientific); (2) between 15 and 17 cy-
cles were used in the first PCR; (3) coding exome capture oligonu-
cleotides were replaced with either the conserved probes or virus-
specific probes; (4) for hybridization using conserved probes, 1.2
pmol probe/200 ng library (up to 4.8 pmol probe) were used, and
multiplexing was varied from four to eight libraries per hybridiza-
tion; (5) for hybridization using virus-specific probes, 5 pL of probe
mixture were used, and multiplexing was varied from four to 12 li-
braries per hybridization; (6) for hybridization with both conserved
and virus-specific probes, the second PCR amplification was in-
creased from 10 cycles to 17-22 cycles.
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Libraries generated from parallel hybridized and nonhybridized
samples were normalized and combined at equimolar quantities
to denature. The final loading concentration was 9 pM, with
1%-5% PhiX added. Samples were run on an Illumina MiSeq ac-
cording to the manufacturer’s instructions, yielding a median of
~500,000 sequencing reads per sample.

Data analysis and bioinformatics pipeline

FASTQ files were analyzed by k-mer matching and read mapping
using the following steps. Reads were trimmed for adapters and
for quality using Cutadapt 1.8.1 (Martin 2011). Trimmed reads
were then classified as human, bacterial, archaeal, viral, and
PhiX using Kraken 0.10.5 (Wood and Salzberg 2014) and a data-
base consisting of the human genome (GCF_000001405.26, 12/
17/2013) and bacteria and virus genomes from RefSeq (Release
67, 9/8/2014). In parallel, trimmed reads were mapped to chosen
references using Bowtie 2 2.2.9 (Langmead and Salzberg 2012) or
BWA-MEM (Li and Durbin 2009). Resulting read numbers were
used to generate charts as well as fold enrichment, where possible.
For simplicity, targeted viral reads and total nontarget reads are de-
picted in results. We used a relative read count threshold (0.01%)
to exclude low targeted viral reads because of potential barcode
contamination. The samples with targeted viral reads <0.01% of
the highest number of reads obtained for any sample of the
same virus in the same MiSeq run were called negative.

Data access

The sequence data from this study have been submitted to the
NCBI BioProject database (BioProject; https://www.ncbi.nlm.nih.
gov/bioproject/) under accession number PRINA448596.
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