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ABSTRACT

Populations of RNA viruses can spontaneously produce variants that differ in genome size, sequence, and biological activity.
Defective variants that lack essential genes can nevertheless reproduce by coinfecting cells with viable virus, a process that inter-
feres with virus growth. How such defective interfering particles (DIPs) change in abundance and biological activity within a
virus population is not known. Here, a prototype RNA virus, vesicular stomatitis virus (VSV), was cultured for three passages on
BHK host cells, and passages were subjected to Illumina sequencing. Reads from the initial population, when aligned to the full-
length viral sequence (11,161 nucleotides [nt]), distributed uniformly across the genome. However, during passages two plateaus

in read counts appeared toward the 5’ end of the negative-sense viral genome. Analysis by normalization and a simple sliding-
window approach revealed plateau boundaries that suggested the emergence and enrichment of at least two truncated species
having medium (~5,900 nt) and short (~4,000 nt) genomes. Relative measures of full-length and truncated species based on
read counts were validated by quantitative reverse transcription-PCR (qRT-PCR). Limit-of-detection analysis suggests that deep
sequencing can be more sensitive than complementary measures for detecting and quantifying defective particles in a popula-
tion. Further, particle counts from transmission electron microscopy, coupled with infectivity assays, linked the rise in smaller
genomes with an increase in truncated particles and interference activity. In summary, variation in deep sequencing coverage
simultaneously shows the size, location, and relative level of truncated-genome variants, revealing a level of population hetero-
geneity that is masked by other measures of viral genomes and particles.

IMPORTANCE

We show how deep sequencing can be used to characterize the emergence, diversity, and relative abundance of truncated virus
variants in virus populations. Adaptation of this approach to natural isolates may elucidate factors that influence the stability

and persistence of virus populations in nature.

Defective interfering particles (DIPs) are truncated forms of
viruses that emerge during viral infections. DIPs cannot rep-
licate on their own, but upon coinfection with intact virus, they
can divert the viral replication machinery to make defective ge-
nomes and particles, ultimately at the expense of intact virus pro-
duction (1, 2). In culture, DIPs have been observed for most
classes of DNA and RNA viruses (2—4). In nature, DIPs have been
discovered in an outbreak of influenza A virus in chickens (5) and
in West Nile virus isolates from avian hosts (6). In human hosts,
clinical isolates from patients infected with dengue virus (7) and
influenza A virus (8) provide evidence that DIPs and their ge-
nomes can be transmitted between patients.

DIPs have been characterized by their genome length and se-
quences (9-13), their particle sizes and morphologies (14-18),
and their biological activities (19, 20). Few studies have combined
genome, particle, and activity measurements of mixed DIP and
virus populations (21, 22), though such measures can be useful for
guiding computational models that aim to elucidate how such
populations may grow, change, and be transmitted (23-26). To
advance models that not only elucidate but also enable forecasting
of how virus populations grow and spread, new measures that
facilitate the rapid quantitative characterization of viruses and
their DIPs will need to be developed.

High-throughput (deep) sequencing has been widely used to
characterize the diversity of virus variants in natural infections as
well as their sequence level adaptations to antiviral drugs (27-35).
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Deep sequencing has also revealed central roles for DIPs derived
from influenza A, Sendai, measles, and parainfluenza 5 viruses in
binding to the cellular pathogen recognition receptor retinoic acid-
inducible gene I (RIG-I) as an initial step toward establishing an an-
tiviral state within the host cell (36-38). In deep sequencing of viral
RNA, the samples of genomes or subgenomes are reverse transcribed,
amplified, and sequenced. When these reads are aligned to a reference
genome, their match to a region on the reference genome (coverage)
can approximate the level of that region in the analyzed genome pop-
ulation (37). In this way, deep sequencing can potentially be used to
identify genome or subgenomic sizes, sequences, and relative levels
within a biological sample.

Here we employed Illumina sequencing to track the emergence
and enrichment of truncated genomic templates during serial
transfer culture of the nonsegmented negative-sense RNA virus
vesicular stomatitis virus (VSV), a prototypical virus for the study
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of DIPs (2, 20, 23, 39). Extents of template coverage by deep se-
quencing revealed changing relative levels of genomic and sub-
genomic templates that correlated with the emergence DIPs.
Moreover, deep sequencing of the populations revealed variation
in the genome position, size, and relative levels of subgenomic
species, features of the virus populations that are not readily de-
tected by quantitative reverse transcription-PCR (qRT-PCR) or
particle size measures.

MATERIALS AND METHODS

Cell culture. Baby hamster kidney (BHK-21) cells were maintained in 10%
fetal bovine serum (FBS; Atlanta Biologicals)—1% Glutamax I (Gibco) in Ea-
gle’s minimum essential medium (MEM; CellGro). Cells were passaged every
2 or 3 days when they reached confluence. For virus passaging infections, cells
were plated in a T-75 flask, grown for 1 day, and then infected.

Preparation of viral passages at fixed MOI. Viral passages were pre-
pared by serial infection of BHK-21 cells at fixed multiplicity of infection
(MOI) (20). For virus passaging, we used the N1 virus arrangement (40),
which has all genes from the San Juan isolate of the Indiana vesicular
stomatitis virus (VSV) strain except the G protein, which originated from
the Orsay isolate of the Indiana strain. Sequencing of our strain revealed
eight fixed mutations, which were likely accumulated during passaging of
the original strain. Viral infections were performed in 2% FBS (50 ml;
Atlanta Biologicals)—1% GlutaMAX (5 ml; LifeTechnologies/Invitrogen)
in MEM (500 ml; Gibco). BHK-21 cells were grown to 90% confluence and
infected at an MOI of 10. Virus was adsorbed for 1 hat 37°C. Cells were rinsed
with Dulbecco’s phosphate-buffered saline (DPBS; Gibco), and 10 ml me-
dium was added. The viral infection was allowed to progress for 24 h, and the
supernatant containing virus particles was centrifuged (300 X g) to remove
cell debris. Samples were stored at —80°C until analysis. Based on a prelimi-
nary passaging experiment, viral yields were sharply reduced after three pas-
sages, which is within the range reported in the literature (23, 41). After the
first MOI of 10 passage (P0), the populations were named P1 and then P2 and
then P3. The virus titer after each passage was measured, and samples were
diluted appropriately to sustain an MOI of 10.

Interference assay. DIP-mediated interference of infection in samples
was quantified by the yield reduction assay (20). Prior to all infections, the
cells were counted, enabling control of the MOI and quantification of
virus and DIP yields on a per-cell basis. Serial dilutions of samples (1:10 or
1:2) were performed and then used to initiate infections. After 1 h of
adsorption, stock virus was added at an MOI of 20, allowed to adsorb for
1 h, rinsed with DPBS, and replaced with MEM containing 2% FBS. In-
fections were incubated for 24 h and stored at —80°C until quantification
by plaque assay. The plaque assay results were used to calculate the inter-
fering unit concentration as previously described (20).

RNA extraction. Viral RNA was collected using the Qiagen Viral RNA
extraction kit according to the manufacturer’s instructions, except that
carrier RNA was not added to the lysis buffer. Carrier RNA would inter-
fere with downstream sequencing. The VSV-associated RNAs were ex-
tracted from a full lineage including two technical replicates on superna-
tant from P3 (PO, P1, P2, P3, and P3b).

Construction of RNA-Seq libraries. Viral RNA was submitted to the
University of Wisconsin—Madison Biotechnology Center for quality
control testing (Qubit Fluorometer and Agilent 2100 BioAnalyzer for
quantity and integrity verification, respectively) and transcriptome se-
quencing (RNA-Seq) library preparation. Each library was generated us-
ing Illumina’s guide, Preparing Samples for Sequencing of mRNA (Rev. A),
and the Illumina mRNA-seq 8 sample preparation kit (Illumina Inc., San
Diego, CA, USA) with minimal modification. To create the libraries, each
viral RNA sample was fragmented into small pieces using divalent cations
under elevated temperature and ethanol precipitated. Each mRNA pellet
was suspended in 11.1 wl RNase-free water. Double-stranded ¢cDNAs
were synthesized using SuperScript II (Invitrogen, Carlsbad, CA, USA)
and random primers for first-strand cDNA synthesis followed by second-
strand synthesis using DNA Polymerase I and RNase H for removal of

2624 jviasm.org

mRNA. Double-stranded cDNA was purified using QIAquick PCR Puri-
fication columns (Qiagen, Valencia, CA, USA). cDNAs were end repaired
by T4 DNA polymerase and Klenow DNA Polymerase and phosphory-
lated by T4 polynucleotide kinase. The blunt-ended cDNA was purified
using QIAquick PCR Purification columns. The cDNA products were
incubated with Klenow DNA Polymerase to add an A base (adenine) to
the 3" end of the blunt phosphorylated DNA fragments and then purified
using MinElute PCR Purification columns (Qiagen). DNA fragments
were ligated to [llumina adapters, which have a single T base (thymine) over-
hang at their 3" end. The adapter-ligated products were purified using Min-
Elute PCR Purification columns. Products of the ligation reaction were puri-
fied by gel electrophoresis using 2% SizeSelect agarose gels (Invitrogen,
Carlsbad, CA, USA) targeting 225- and 300-bp fragments. cDNA products
were PCR amplified with Phusion DNA Polymerase using Illumina’s
genomic DNA primer set and purified using QIAquick PCR Purification
columns. Quality and quantity of the finished libraries were assessed using an
Agilent DNA HS series chip assay (Agilent Technologies, Santa Clara, CA,
USA) and QuantIT PicoGreen dsDNA kit (Invitrogen, Carlsbad, CA, USA),
respectively, and libraries were standardized to 10 wM. Cluster generation
was performed using standard Cluster kits (v2) and the [llumina Cluster Sta-
tion, with each sample placed in a single lane. A single-read, 36-bp run was
performed, using standard 36-bp sequencing by synthesis (SBS) kits (v3) and
SCS 2.4 software, on an [llumina Genome Analyzer IIx. Images were analyzed
using the standard Illumina Pipeline, version 1.4.

Sequence alignment and PO consensus determination. Sequence
alignment and de novo sequence identification were performed in the
CLCBio Genomics Workbench using default settings. To generate a PO
consensus sequence, the reads from PO were initially aligned to a pub-
lished VSV sequence (NCBI Reference Sequence NC_001560.1). We ex-
tracted the consensus of PO and used it as a reference to determine cover-
age in PO, P1, P2, P3, and P3b. The second alignment had an increased
number of reads compared to the first.

Quantification and analysis of coverage data. The sequence coverage
was extracted from CLCBio, and analysis was performed in MATLAB.
The coverage in each passage was normalized by dividing the coverage at
each base by its corresponding coverage in P0. Following normalization,
locations of plateau boundaries were estimated by defining local mean
coverage, systematically applying these measures across the genome, and
identifying where significant changes occurred. More specifically, 400-
nucleotide-long windows, centered at every 5 nucleotides along the ge-
nome, were expanded toward the 3’ or 5" end of the genome by 10 nucle-
otides. Mean coverages for each window before and after expansion were
compared by the f test. When the means were found to be significantly
different (o = 10~ "), the added bases were recorded as potential plateau
boundaries. The frequency of bases recorded as potential boundaries was
plotted as a histogram with a bin size of 100 nucleotides. The bases iden-
tified as boundary more than 100 times were chosen as plateau boundar-
ies. After plateau locations were determined, we calculated the averages
and standard deviations over the entire range of each plateau and used
those values to determine population fractions. Confidence intervals for
population fractions were calculated using propagation of uncertainty.

qRT-PCR. Viral RNA was extracted from cell culture supernatant us-
ing the QIAAmp Viral RNA Minikit (Qiagen) according to the manufac-
turer’s instructions. Reverse transcription was performed with VSV ge-
nome-specific primer (see below) using the GoScript reverse transcriptase
(Promega, Madison, WI, USA) according to the manufacturer’s instruc-
tions. qQPCR was performed with a forward primer and reverse primer (see
below) from RT reaction using the SsoFast Supermix (Bio-Rad, Hercules,
CA, USA) on a C1000 thermal cycler (Bio-Rad) according to the manu-
facturer’s instructions with an annealing temperature of 62.5°C for all
primer sets. A purified plasmid containing the VSV genome was used as a
known standard to determine the numbers of copies per ml. Primers and
the reverse transcription protocol were optimized to determine the linear
range of detection using serial dilutions of extracted viral genomes. Lin-
earity at the determined detection range was preserved for all four virus
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FIG 1 Experimental setup for serial passage culture of VSV and raw coverage data. (A) VSV was passaged at an MOI of 10 for three passages to promote
amplification of defective interfering particles. (B) Deep sequencing coverage (y axis) across the viral genome (x axis) is plotted for each passage. The genome is
from 3’ to 5', with base 1 representing the first base on the 3" end. The coverage profile of the P3 sequencing replicate is plotted as a gray line.

populations (PO to P3), showing specificity of primers to full-length neg-
ative-sense genomes. Test samples were diluted when necessary to be
within the linear range of detection. The primer sequences for full-length
genomes spanned the NP gene junction with sequences CAGTCATGTC
ACTGCAAGGCCTAA and TACCGCCTGATCCAGACGAGAATA. The
medium-length genomes were detected with primers TGCTGTCTCTGA
GGTGGAATTGCT and AAGCTGGGAACCCTAATCCTGCAT. The
short genomes were detected in the L region of the genome with CAGCC
TTGGGAAAGGGAAAGCAAA and AACCTATGAAGGGCAGACCCT
GTT. All primers were synthesized by Integrated DNA Technologies
(Coralville, IA, USA) and were resuspended in RNase-free water.

Particle quantification by TEM. The virus samples were mixed with a
NIST Traceable size standard (115 nm in diameter, 10° particles/ml) in a
1:1 ratio. The prepared mixture was diluted 1:1 with methylamine tung-
state (Nanoprobes), and a drop was loaded on a Pioloform (polyvinyl
butyral)-coated grid. The sample was then imaged using a transmission
electron microscope (TEM; CM120; Philips). For each sample, 15 TEM
images were acquired, and VSV particles and microspheres were counted
and averaged (approximately 100 particles per sample per grid). The VSV
particle concentration was estimated relative to the concentration of NIST
Traceable size standard beads.

LOD calculations. The statistical limit of detection (LOD) for genome
deletion mutants was determined by measuring the mean () and stan-
dard deviation (o) across a given window size and then solving for LOD in
the equation

LOD — p
loit = — g
\/n
at a confidence limit a 0f 0.001 and n = (window size — 1). All coverages
were extracted from P1 raw coverage or coverage normalized to PO.

The empirical limit of detection of genome deletion mutants was cal-

culated by comparing fractions measured by sequencing to fractions mea-

sured by all complementary measures. A trendline was fitted through all
data points to determine slope and intercept. The limit of detection was
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calculated by determining the x-intercept (predicted sequence measure
when other measures are zero).

Nucleotide sequence accession numbers. The GenBank accession
numbers for genome sequences determined in this study are KF935251
for the passage 0 (P0) virus and KF935252 for the de novo defective inter-
fering particle (DIP) from passage 3 (P3).

RESULTS

Deep sequencing can detect differential coverage profiles in re-
lated populations. Vesicular stomatitis virus was cultured at a
multiplicity of infection (MOI) of 10 PFU/cell on baby hamster
kidney cells (BHK-21) for three passages (P1, P2, and P3), starting
with an initial population (P0), as shown in Fig. 1A. RNA ex-
tracted from supernatants of each passage was sequenced using
Ilumina technology with 35-bp-long reads. All samples contained
reads that mapped to the initial passage zero (P0) VSV consensus
sequence (Table 1). Unmapped reads could not be directly attrib-
uted to the host (Syrian golden hamster) for which a genomic
sequence is not yet available. However, de novo alignment on all
reads from passages showed multiple contigs that aligned to rRNA
of other species, including Chinese hamster (data not shown).

TABLE 1 Read mapping statistics

Passage

PO
Reads initial®  P0® P1 P2 P3 P3b
Total no. 913,387 913,387 1,044,166 1,624,786 1,706,897 1,726,404
No. mapped 508,249 513,612 106,302 713,200 35,581 30,877
% Mapped  55.64  56.23  10.18 43.90 2.08 1.79

“ PO aligned to the VSV reference genome.
b P aligned to the consensus of PO initial.
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FIG 2 Normalization by PO coverage reduces variability. P1 coverage values are divided into PO coverages at the corresponding positions shifted by an offset. (A)
Normalized PO (black curve) and P1 (gray curve) coverages with increasing offset from top to bottom. The x axis represents the nucleotide positions on the VSV genome.
(B) As the reference PO coverages are shifted by a higher offset, the noise in data increases, which can be seen in the increase of coefficient of variance (COV; calculated
as the standard deviation of normalized coverages divided by the coverage mean across genome) of P1. The COV approaches its maximum after about 30 bases.

In our initial alignment of PO to the VSV Indiana reference, 55.6%
(508,249 of 913,387) of the total reads were mapped to the viral ge-
nome. When the extracted consensus of this alignment was used as
the reference, the mapped reads increased to 56.2%. For each passage,
total reads of 9 X 10°to 1.7 X 10° were obtained, with a maximum of
56% and a minimum of 1.8% for later passages mapping to the PO
consensus. Details of the mapping by passage are in Table 1.

Base-by-base coverages for each of the 11,161 nucleotide posi-
tions of the VSV genome mapped to the PO consensus, as shown in
Fig. 1B, and the coverage for PO exhibited a relatively flat profile
across the VSV genome. A sharp drop in coverage of PO between
bases 1622 and 1625 is attributed to zero coverage at those four

2626 jviasm.org

bases. In passage 2, different plateaus of coverage appeared, with
5- to 10-fold-lower coverage toward the 3’ end than toward the 5’
end. By passage 3, these differences were enhanced with 100-fold
differences in coverage between the lowest and highest plateaus.
The coverage profile of the technical replicates of P3 showed a
good agreement, highlighting the reproducibility of sequencing.
Normalizing coverage to the initial population coverage re-
duced the noise in coverage profiles. To test whether fluctuations
in coverage at the base level reflected sequence-dependent biases,
we normalized the number of reads at each base in P1 by its cor-
responding value in PO, as shown in Fig. 2A. As an unbiased con-
trol, we also normalized P1 to shifted PO, where PO coverage was
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mutants that contribute to coverage levels.

offset by a fixed number of nucleotide positions prior to normal-
ization. Normalization of P1 by PO (offset = 0) significantly
reduced the bias (Fig. 2A), while increasing the offset produced
similar fluctuations when P1 or PO was normalized by PO (offset =
100 nt), suggesting coverage bias due to sequence similarity be-
tween P1 and PO.

Coverage analysis reveals two distinct genome deletion mu-
tants in the population. Different coverage plateaus suggested the
formation and enrichment of truncated genomes associated with
defective particles in the virus population. Boundaries of the pla-
teaus, estimated as described in Materials and Methods, highlight
a 100-nucleotide-long window centered at position 5250, a second
window 100 nucleotides long around position 6450, and finally a
200-nucleotide-long window centered at position 7200 (Fig. 3A).
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The boundaries at positions 5250 and 7200 occurred in both P2
and P3. However, the boundary at 6450 appeared only in P2.
Therefore, we focused on conserved boundaries at positions 5250
and 7200, corresponding to defective genomes with lengths of
5,900 and 4,000 nucleotides (Fig. 3C). Analysis of the coverage
profile from P1 showed no detectable changes in coverage.

De novo read assembly suggests a genome deletion mutant.
Using de novo read assembly algorithms available in CLC Genom-
ics Workbench (CLC bio, Denmark), 8 to 20 contigs were ob-
tained at each passage. One of the contigs in P3 was a 6,025-
nucleotide sequence containing the 5" end of the VSV genome,
including most of the L gene (Fig. 4). The 3" end was complemen-
tary to the 5’ end across a 33-nucleotide-long section, as previ-
ously observed for other DI particles (12). This de novo sequence is

jviasm.org 2627


http://jvi.asm.org

Timm et al.

No alignment Perfect match

' AAAAAATARAAACCACAAGAGGGTCTTAAGGATTGAATACATCAAAARGGARA . . .
............................... (RN RN RRRRRRRRY

gaccttcatccgcggctggggcaacaaaccaattgaatacatcaaaaaggaaa. . -

DIP(1)

PO ({5116)

Perfect match
. . .GTGGTTTTTATTTTTT~~
FEEETEEEErrrnl
...gtggtttttattttttatctggttttgtggtettegt

No DIP sequence

DIP (6025)

A A A e e

PO (11161)

FIG 4 Genome deletion mutant detected by de novo alignment has complementary ends and similarity to full-length virus. The first base of the genome deletion
lines up with base 5116 of the parental genome (P0). There is a short segment where there is no alignment, followed by a long stretch of perfect match. Finally,

the DIP sequence aligns to the end but is truncated before the final base of the parent sequence.

likely a DI genome and corresponds to additional coverage in P2
and P3 as described above. However, we were unable to find by de
novo alignment evidence for a ~4,000-nt length species (short
DIP) corresponding to the high coverage at the 3" end.

Relative coverage levels were used to quantify population
fractions of full-length and genome deletion mutants. The
emergence of different plateaus (Fig. 5A) is consistent with the

enrichment of two truncated-genome populations, one of me-
dium length (5,911 nucleotides) and the other of shorter length
(3,961 nucleotides). Relative levels of each species were estimated
by normalized average read coverages across each of three regions
(bases 1 to 5250, 5251 to 7200, and 7201 to 11161), and this aver-
age was used to calculate population fractions. In Fig. 5B, the
larger pie charts represent the fractions of full-length genomes
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FIG 5 Comparison of all quantification techniques. (A) Coverage values from deep sequencing were normalized to the corresponding base in P0, ignoring any zero
values. The technical replicate of the P3 sample is shown as the gray curve. (B to E) Population fractions are calculated for each method. The black segment corresponds
to full-size species, and the gray in the large pie represents all defective particles. In panels B and C, a second pie chart shows the fractions of medium and short genomes
in the defective population of P2 and P3. Values reported are percentages of population * standard deviations. (B) Fraction calculated from sequencing coverage. The
standard deviation was calculated by coverage noise and propagation of uncertainty. (C) Fractions determined by qRT-PCR (n = 3). (D) Fraction calculated from TEM
images (n = 2, ~100 particles/grid). (E) Fractions calculated from PFU and interfering units measured by plaque and interference assays (n = 3).
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(black) and truncated genomes (gray), and the smaller pie
charts show how the truncated genomes were distributed be-
tween short genomes (light gray) and medium-length genomes
(dark gray). Over the course of three passages, the fraction of
species carrying full-length genomes declined as the species
carrying the shorter length genome emerged to become the
dominant species (Fig. 5B).

Complementary measures agree with quantification by rela-
tive coverage. We employed qRT-PCR, TEM, and activity assays
(plaque and yield reduction assays) as complementary measures
of how the virus populations changed with passage. A qRT-PCR
assay was designed to measure the relative abundance for genomic
species corresponding to each plateau region, with primer sets
targeting the M mRNA region of the full-length genome, the me-
dium-length species, and the L mRNA region associated with the
shortest subgenomic species. To compare levels of truncated and
full-length genomes estimated from sequencing with an indepen-
dent measure, we normalized all qRT-PCR values to their mea-
sures in PO, which served as our base case pure population of
full-length genomes. Figure 5C shows the distribution of the ge-
nome population measured by qRT-PCR. The qRT-PCR results
were consistent with estimates from sequencing in P2 and P3.
Measures of relative abundance for genomic species from the
same locations in P1 did not show a significant change in levels
between locations.

TEM of populations enabled visualization and approximation
of relative levels of full-size and truncated virus particles. Here,
truncated particles were treated as a single class, without attempt-
ing to distinguish between ones carrying medium-length or short
genomes. The fraction of truncated VSV particles relative to full-
size particles increased with passage (Fig. 5D), consistent with the
overall trend observed by sequencing and qRT-PCR. However,
the rate of enrichment of truncated particles appeared to lag be-
hind the genomic measures, potentially reflecting the uncertainty
in distinguishing particles that carry full-sized versus medium-
length genomes.

Over the course of the three passages, levels of infectious virus
declined more than 5,000-fold, suggesting that the emergence of
DIPs interfered with infectious virus production. Measures of in-
terference activity by the yield reduction assay indicated a signifi-
cant rise in interfering units. These infection and interference re-
sults were combined to provide estimates of DIP fractions, which
increased with passage, consistent with genome and particle mea-
sures (Fig. 5E).

The correlation between virus population distributions ob-
tained by deep sequencing and genome, particle, and activity dis-
tributions highlights the accuracy of deep sequencing to quantify
virus population distributions and their dynamics. Moreover, the
similarity between genome and activity distributions suggests that
all intact genomes are infectious while all defective genomes are
interfering with infection. In order to test this, the absolute parti-
cle, genome, and activity levels were compared.

Quantification by relative coverage is limited by statistical
and empirical measurement noise. In contrast to what was ob-
served with the P2 and P3 samples, we did not find evidence for
different coverages in the P1 sample. Assuming normally distrib-
uted noise, we calculated a statistical lower detection limit of
~1.5% of additional reads attributed to genome deletion mutants
(Fig. 6A). As we increased the window size to the theoretical op-
timum value, we observed a correlated increase in the predicted
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FIG 6 Limit of detection calculated two ways. (A) The statistical limit of
detection was calculated by determining detection levels (x axis) at different
window sizes (y axis) for average coverages. Noise measure was calculated
based on raw and normalized P1 data. (B) Population fractions from sequenc-
ing (x axis) and complementary measures (y axis) were used to determine the
lowest detectable level by sequencing by calculating the x-intercept for a best-
fit line.

number of plateaus, which we attributed to a higher detection
sensitivity of deep sequencing. The empirical lower detection limit
in this analysis was determined as a 10% representation of genome
deletions (Fig. 6B), defined by the x-intercept and confidence in-
tervals of a linear fit between sequencing and complementary
measures. The discrepancy between statistical and empirical limits
can be attributed to inherent measurement variation of the com-
plementary measures (QRT-PCR, TEM, and biological activity),
nonnormally distributed noise in sequencing data, or the gradual
change (over tens to hundreds of bases) in coverage at the plateau
boundaries. Based on this analysis, a conservative estimate of the
limit of detection of deep sequencing is ~10%. However, if one
accepts a trade-off between specificity and sensitivity, deep se-
quencing can be used to detect genome deletion mutants at lower
levels.

Absolute quantification of population shows correlation be-
tween genome structure and viral activity. In addition to mea-
suring relative levels of different species with a population passage,
TEM and qRT-PCR measures allowed us to estimate the absolute
particle and genome concentrations in passaged samples, while
the plaque and interference assays provided infectious and inter-
ference measures. Concentrations of full-size particles, full-length
genomes, and infectious units were within a factor of 10 from PO
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FIG 7 Absolute virus and DIP concentrations using different methods. Ge-
nomes (full circle) were measured by qRT-PCR, particles (empty circle) were
measured by TEM, and activity (triangle) was determined by plaque assay or
interference assay. (A) Full-length genomes, particles, and infectious units
decline at a similar rate. (B) Defective genomes, particles, and interfering units
follow a similar trend. (C) Total genomes, particles, and activity follow similar
trends.

to P2 (Fig. 7A), and defective virus particles, truncated genomes,
and interference units were within a factor of 10 from P1 to P3, all
with a maximum at P2 (Fig. 7B). The level of infectious particles
followed an 8-fold-lower but parallel trend with full-length ge-
nome levels (Fig. 7A), and full-length particle levels dropped to a
lesser extent across passages than viral genomes and infectious
virus. This may suggest that some full-length particles contain
complete or mostly complete genomes that are not infectious. For
defective particles, there was greater agreement between particle,
genome, and activity levels (Fig. 7B), evidence that most defective
particles were able to interfere with infectious virus production.
Interestingly, following their initial appearance and amplification,
defective virus levels dropped from P2 to P3. Likewise, total virus
particle levels dropped from P2 to P3 after being stable from PO to
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P2 (Fig. 7C). These parallel drops in total and defective virus levels
reflect that DIPs can interfere with production of infectious virus
and thereby indirectly and adversely affect their own production.

Other studies (27, 32, 42) have observed a correlation between
absolute measure and mapped reads, but when we compared our
mapped reads with other absolute measures, we did not see a
correlation (not shown). Therefore, we were unable to use
mapped reads as an absolute measure of genomes in the popula-
tion.

DISCUSSION

Deep sequencing can reveal features of virus populations that are
currently masked by other measures. Here, sequencing reads
aligned to the viral genome exhibited plateaus in coverage that
spanned thousands of bases, providing novel evidence for the si-
multaneous emergence and enrichment of at least two distinct
truncated-genome variants of VSV. Previous studies have corre-
lated deep sequencing with measures by QRT-PCR and microar-
rays (27, 32, 43-46). Based on the observed plateau locations, we
selected primers for qRT-PCR measures that enabled us to vali-
date the estimated levels of the two variants, relative to the full-
length wild type, in the population. Further, analysis of TEM im-
ages confirmed a coexistence of truncated and full-sized particles,
corresponding to truncated and full-sized genomes, but TEM es-
timates were not of sufficiently high resolution to distinguish
more than one class of truncated particles. In addition, measures
of biological activity demonstrated the presence of both viable
virus and defective interfering activity, consistent with the pres-
ence of particles containing full-length and truncated genomes,
respectively. Such population level measures cannot currently re-
solve whether interference arises from one or more distinct classes
of truncated genomes.

The normalization of the coverage profile to that of initial pop-
ulation (PO) reduced the noise and allowed for the identification
of genomic subpopulations and the estimation of population dis-
tributions. The good correlation between virus population distri-
butions by sequencing and by other independent methods high-
lights that deep sequencing can accurately quantify the relative
levels of genomic variants. We were unable to detect the presence
of DIPs in P1 by deep sequencing, while TEM and interference
assays suggested their presence in P1 at a low level. Based on these
other measures, we determined that the lower detection limit of
deep sequencing to distinguish between two genome subpopula-
tions (intact and defective genomes) was about 10%. In short,
genome deletion mutants must comprise at least 10% of the pop-
ulation in order to be detectable based on sequence coverage.

The coverage changes between observed plateaus were not dis-
crete: the change occurred gradually over an ~200-nt stretch of
the genome. This gradual change may be due to the presence of
multiple genome lengths of similar size, as observed in poliovirus
defective interfering particles (47, 48). The existence of a distribu-
tion of lengths suggests that multiple defective particles may arise
in culture and become simultaneously enriched.

Differential sequencing coverage levels, compared to other
methods, allowed us to estimate an empirical limit of detection of
~10% for truncated genomes in a sample. The theoretical limit of
detection was a function of window size in the plateau-finding
algorithm. For larger window sizes, the detection limit decreased,
and new peaks emerged, defining potential plateau boundaries
associated with additional genome deletion mutants in the popu-
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lation. Sampling with larger window sizes may enable deep se-
quencing measures to detect variants at lower levels, but this ap-
proach will need to be validated by more-sensitive measurements
than those currently employed.

It is important to distinguish that the relatively high detection
limit applies to overlapping genome sequences, while unique se-
quences in a population can be identified at even lower fractions,
as we observed full-length genomic segments in P3 at fractions of
~1%. The quantitative levels of DIPs in natural samples have not
been reported, but genome deletion DIPs may be present at levels
of <10%, emphasizing the need for other quantification methods.
Methods of detection of DIPs in natural populations include se-
quencing of promoters or other conserved sequences (8), but
these have not provided quantitative population information. We
have shown that differences in sequencing coverage for overlap-
ping segments can reduce the effect of sequencing noise to provide
more-quantitative estimates of population fractions and popula-
tion changes during passaging.

We observed good agreement between biological activity and
physical particle measurements for early passages and greater dis-
agreement in later passages. However, the total particle counts
produced were relatively stable through PO, P1, and P2, lending
support to the idea that the total particle production (viable and
nonviable) is limited by a finite pool of host cellular resources (49,
50). Future measures of intracellular viral and DIP components,
combined with mechanistic modeling (50), will enable more-de-
tailed assessments of resource use during coinfections. The drop
in total particle production seen in P3 can be attributed to the
ability of DIPs at high intracellular levels to interfere with their
own replication (23).

While deep sequencing has been used primarily to detect and
identify viral genome sequences, its ability to quantify the popu-
lation distributions has been in part limited because of the noise in
the coverage profiles. Here, we observed a similarity in the noise
patterns of related samples and found that normalizing coverage
measurements to a common ancestor reduced much of the se-
quence-dependent noise, allowing for unbiased species identifica-
tion and more-precise quantification. Such a normalization strat-
egy can be applied to reduce the noise in chronologically linked
biological samples, which may aid in the quantitative analysis of
the population dynamics.
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