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Studies of viral pathogenesis have relied heavily on analyses of specific clones and their genetic determinants
of virulence. It is sometimes difficult to apply this reductionist approach to the study of RNA viruses, which by
virtue of their very high mutation rates, exist as a complex mixture of mutants. While quasispecies theory has
provided an intellectual framework for exploring the relationship between the viral population structure and
phenotype, experimental studies have been limited by the relatively poor resolution of traditional sequencing-
based approaches. We have addressed this problem by developing a molecular barcoding strategy in which
viral subpopulations are tagged with unique 20-nucleotide sequences. The behavior of these subpopulations
can be monitored using a universal barcode microarray. We demonstrate the performance of our barcode
microarray platform using poliovirus, a model RNA virus. Using this platform, we explored the fitness
landscape occupied by an artificial quasispecies consisting of 48 randomly mutagenized clones. We were able
to rapidly derive precise fitness measurements for a majority of these clones and identified a neutral space
surrounding the wild type. The experimental paradigm presented here is readily adaptable to other viral
systems and can potentially be used to track thousands of variants in a cost-effective manner.

The evolution of RNA viruses has been the subject of in-
tense interest over the last 30 years (14, 16, 41). The ongoing
HIV and influenza pandemics and the emergence of new in-
fectious agents highlight the importance of these viruses as
human pathogens. The study of RNA viruses has also in-
creased our general understanding of adaptive evolution (40).
The RNA-dependent RNA polymerases of riboviruses exhibit
characteristically low fidelity with measured mutation rates of
10�3 to 10�5 mutations per nucleotide copied per replication
cycle (3, 17, 61). These mutation rates are orders of magnitude
greater than those of nearly all double-stranded-DNA-based
viruses and organisms. Given the short generation times and
large population sizes observed in both experimental and nat-
ural infections, RNA viruses exist as rapidly evolving popula-
tions of related mutants (18, 22). Because their evolution can
be monitored in “real time,” RNA viruses have become im-
portant model systems for evolutionary biologists.

Quasispecies theory is a mathematical framework that has
been used to describe the dynamics of viral populations (6, 20).
It builds on classical population genetics but seeks to explore
the consequences of rapid, error-prone replication and near-
infinite population sizes for genome evolution. A viral quasi-
species is a cloud of diverse variants that are genetically linked
through mutation and collectively contribute to the character-
istics of the population. Understanding the contributions of
genetically distinct variants to a given viral phenotype is there-
fore of critical importance to pathogenesis in infected hosts. In
contrast, much of our understanding of viral pathogenesis de-

rives from studies of single viral clones, which may not reveal
many of the most important aspects of natural infections, par-
ticularly for RNA viruses. Indeed, work in our laboratory and
others has shown that changes in the overall structures of viral
populations can have a profound influence on viral pathogen-
esis that is not attributable to individual variants (46, 56, 64).
Further characterization of these effects will require new ex-
perimental methods, capable of measuring changes in popula-
tion structure.

Experimental approaches to viral evolution seek to charac-
terize how evolutionary forces, such as mutation, selection, and
genetic drift, impact the population (41). Techniques currently
in use draw on traditional population genetics and rely on
markers linked to a given genotype (29). An ideal marker is
selectively neutral and easy to score. Many early studies mea-
sured the relative frequencies of two variants by scoring mono-
clonal antibody resistance in standard plaque assays (31, 37).
Other assays have used restriction digests or real-time PCR to
quantify the frequencies of sequence polymorphisms in a pop-
ulation (8, 63). While these methods have been widely appli-
cable to studies of viral fitness and population bottlenecks, they
are limited by the paucity of suitable markers. As a result,
inferences must be made about the population based on anal-
yses of a few clones, and they are relatively insensitive to
smaller differences in population structure.

Advances in molecular biology and laboratory instrumenta-
tion now permit the simultaneous measurement of hundreds or
thousands of markers. In a process known as genetic footprint-
ing, unique DNA sequence tags serve as molecular “barcode”
identifiers for specific variants in a mixed population (59).
These tags are easily detected using spotted microarrays, mak-
ing it a parallel-screening strategy. Molecular barcoding is now
used in signature-tagged mutagenesis of bacteria and in the
construction of libraries for RNA interference screens (38).
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Here, we apply a similar approach to studies of viral evolution.
By marking viral clones with 20-nucleotide sequence tags, we
can follow a large number of subpopulations within an evolving
quasispecies. In contrast to other systems, our strategy does
not rely on polymorphic viral sequences (35). We describe its
utility for quantifying viral fitness and measuring the segrega-
tion of populations in vivo. We applied our platform to char-
acterize the fitness landscape occupied by a mutagenized po-
liovirus population and documented the mutational robustness
predicted to play a critical role in the dynamics of an RNA
virus population in which a minority of the mutants exhibited
significant fitness defects.

MATERIALS AND METHODS

Viruses and cells. HeLaS3 cells (ATCC CCL-2.2) were kindly provided by R.
Geller and J. Frydmann (Stanford University). The cells were maintained in 50%
Dulbecco’s modified Eagle medium (DMEM)/50% F-12 medium supplemented
with 10% newborn calf serum and 2 mM glutamine (Invitrogen). All viruses were
derived from two Mahoney type I poliovirus clones: prib(�)XpAlong and
pMoV2.115UTR RE (2, 30). The latter was engineered to contain unique re-
striction sites in the 5� untranslated region (UTR) (BssHII and SacI) and the 2A
cleavage site (EcoRI and XhoI) to facilitate cloning of exogenous sequences.

Microarray printing and postprocessing. Array oligonucleotides (see Table S1
in the supplemental material) were synthesized (Invitrogen), resuspended in 3�
SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate) to a final concentra-
tion of 20 �M, and spotted with S75 printing tips (Parallel Synthesis) onto
polylysine-coated slides (ThermoScientific), using a DeRisi Linear Servo Mi-
croarray and Arraymaker software. Arrays were printed in tandem so that each
slide had two replicate microarrays. The slides were postprocessed in groups of
20 as follows. After being UV cross-linked, the slides were soaked in 3� SSC,
0.2% SDS at 65°C for 5 min, rinsed in water and 100% ethanol, and dried.
The slides were then immersed for 15 min in a solution containing 5.5 g
succinic anhydride, 335 ml 1-methyl-2-pyrolidinone, and 15 ml 1 M sodium
borate, pH 8.0. They were then rinsed in water and ethanol, dried, and stored
for subsequent use.

Molecular biology. All 5� barcoded viruses were generated by ligation of
double-stranded oligonucleotides into the BssHII and SacI sites of
pMoV2.115UTR RE. Complementary oligonucleotides with the appropriate
overhangs (Invitrogen) were mixed in annealing buffer (40 mM Tris, pH 7.5, 20
mM MgCl2), heated for 5 min at 95°C, and cooled slowly to room temperature.

The oligonucleotide pairs are listed in Table S2 in the supplemental material.
For clones 5� 285, 5� 286, 5� 287, and 5� 288, the double-stranded oligonucleo-
tides were ligated individually, and plasmids were prepared from single bacterial
colonies. For the WT96 library, equal quantities of the remaining 96 double-
stranded oligonucleotides were pooled, ligated, and transformed together. Ap-
proximately 100,000 transformants were pooled, and the plasmid library was
prepared directly from the colony pool. Given the large number of transformants
pooled, we assumed that each barcode was equally represented in the library.

The 3�-barcoded clone, 3� 288, was generated by overlap extension PCR, using
pMoV2.115UTR RE as the initial template (51). The barcode sequence was
inserted 3� of the stop codons for the viral polyprotein. An additional three
guanines 3� of the barcode were also inserted to generate a unique ApaI site for
subsequent cloning. In the first-round reactions, a 1.8-kb fragment upstream of
the insertion site was amplified using primers F.5654 (5�-TGTGATCGATGGC
AAAGAAGTGG-3�) and re7451APA288 (5�-CCCTATGCAAATTCGTGCGT
GTGTTACTAAAATGAGTCAAGCCAACGG-3�), and a 0.7-kb fragment
downstream of the insertion site was amplified using primers F.7494APA288
(5�-CCCCACACGCACGAATTTGCATAGTAAATTTTTCTTTAATTCGGA
GAAAAA-3�) and re.8199 (5�-CCTTCGGTCCTCCGATCGTTG-3�). These
primers contain complementary sequences encoding the insertion. The PCR
products were purified and mixed together in a second-round PCR supple-
mented with primers F.5654 and re.8199. The 2.5-kb product was digested with
BglII and MluI and ligated into pMoV2.115UTR RE using the same sites.

To generate the double-barcoded clone, 5� 285/3� 288, an MluI/BglII fragment
containing the 5� half of 5� 285 was ligated to a BglII/MluI fragment containing
the 3� half of 3� 288.

A wild-type clone, pAL-WT, containing the 3� ApaI restriction site, was gen-
erated by replacing the NheI/BglII fragment of 3� 288 with the corresponding
fragment from prib(�)XpAlong. Note that this intermediate clone retains the 3�

288 barcode. A guanidine-resistant clone, pAL-GR, encoding an asparagine-to-
glycine substitution at amino acid 179 of the 2C protein, was generated by
overlap extension PCR using pAL-WT as a template. In the first-round reaction,
a 0.4-kb fragment upstream of the mutation was amplified using primers for
4379 (5�-CAGTCTAAGAGGTTTGCCCCTCTTTACGCAGTGGAA-3�) and
rev4727GR (5�-CTGGGTTTTGCCCCAGGTCGTCCATAATCACCACTCCC
TGTTGTT-3�), and a 0.9-kb fragment downstream of the mutation was ampli-
fied using primers for4727GR (5�-GGACGACCTGGGGCAAAACCCAGATG
GTGCGGACATGAAGCTGTTCTG-3�) and rev5696 (5�-CGCTTTGGCATC
CAAGATCTC-3�). These PCR products were purified and mixed together in a
second reaction mixture supplemented with primers for4379 and rev5696. The
1.3-kb product was digested with BmgBI and BglII and ligated into
pMoV2.115UTR RE using the same sites.

Double-barcoded spike-in and guanidine-resistant clones were generated by
PCR using pAL-WT and pAL-GR as templates, respectively. The primers in
these reaction mixtures contained barcode sequences at their 5� termini (see
Table S3 in the supplemental material). The WT40 library was also generated by
PCR using Herculase II (Stratagene). Forty individual PCR products, each
generated with a distinct pair of barcode primers, were pooled and digested with
BssHII and ApaI. This pool was ligated to a 5� DNA fragment spanning the T7
promoter and poliovirus 5� untranslated region and a 3� DNA fragment spanning
the poliovirus 3� untranslated region. This WT40 ligation reaction served as a
template for subsequent in vitro transcription of the corresponding viral RNA. A
similar protocol was used to generate the MUT40 library. In this case, wild-type
poliovirus was passaged twice in 400 �M ribavirin. The titer of this stock was
determined, and single clones were isolated by endpoint dilution. RNA was
prepared from 48 of these clones, and full-length viral cDNA was generated
using Thermoscript (Invitrogen). This cDNA was amplified using Herculase II
(Stratagene).

Preparation of viral stocks. Viral genomic RNA was generated by in vitro
transcription of the plasmids and libraries described above. For each virus or
viral library, 20 �g of RNA was electroporated into 4 � 106 HeLaS3 cells in a
4-mm cuvette with the following pulse: 300 V, 24 �, and 1,000 �F. The resulting
passage 0 (P0) stock was passed once on HeLaS3 cells at high multiplicity
(multiplicity of infection [MOI], 1 to 10) to generate a P1 stock used for subse-
quent experiments. All viral stocks and experimental supernatants were har-
vested following three successive freeze-thaw cycles of the cell culture dish and
clarified by centrifugation at 1,000 rpm for 5 min in a benchtop centrifuge
(Sorvall Legend T, rotor 75006434).

One-step growth curves. HeLaS3 cells were plated in 12-well dishes at 5 � 105

cells per well on the day prior to infection. Three wells were used for each virus
and time point. On the day of infection, the medium was removed and the cells
were washed once with phosphate-buffered saline (PBS). The cells were infected
with 106 PFU of wild-type, 5�-barcode (285), 3�-barcode (288), or 5�/3�-barcode
(285/288) virus. The inocula were removed at 60 min (time 0 [t0]), and each well
was washed twice with PBS to remove residual virus. Samples were removed at
various time points (t � 0, 2, 4, 6, 8, 10, 12, and 24 h), and the titer was
determined by standard plaque assay on HeLaS3 cells. Triplicate values for each
virus and time point were averaged.

RNA preparation and reverse transcription (RT) single-stranded PCR. RNA
was isolated from cell-free viral supernatants using Trizol (Invitrogen) according
to the manufacturer’s instructions. For experiments with spike-in control viruses,
450 �l of each supernatant was mixed with 50 �l of the spike-in pool prior to
adding Trizol. RNA from 500 �l supernatant was precipitated with 20 �g gly-
cogen and resuspended in 8 �l nuclease-free water. cDNA was synthesized from
7 �l total RNA using Superscript III reverse transcriptase (Invitrogen), 100 ng
random hexamers, and 50 pmol oligo(dT) in a 20-�l reaction mixture. Short,
�60-base single-stranded fragments containing either the 5� or 3� barcode were
amplified and labeled in two separate single-stranded PCRs (ssPCRs). Each
25-�l reaction mixture contained 1 �l cDNA, 250 �M each deoxynucleoside
triphosphate (dNTP), 2.5 U Taq polymerase (Denville Scientific), 50 nM forward
primer (Elim Biopharmaceuticals), 1 �M Cy-labeled reverse primer (Integrated
DNA Technologies). Five prime barcodes were amplified using primers F.661
(5�-CTGTTTGCTGGATCCGCGCGC-3�) and Cy(3 or 5)-rev5BC (5�-GTACT
TAGAGTAAACACACTCAATG-3�). Three prime barcodes were amplified us-
ing primers F.7430.1 (5�-CCGCCGTTGGCTTGACTCATTTTAGT-3�) and
Cy(3 or 5)-rev3BC (5�-CAATTCGACTGAGGTAGGG-3�). Reaction mixtures
were heated to 94°C for 2 min and subjected to 40 cycles of 94°C for 15 s, 55°C
for 15 s, and 72°C for 15 s.

Infection of susceptible mice. The University of California, San Francisco,
Institutional Animal Care and Use Committee approved the protocols for the
mouse studies described here. In these experiments, we used 6- to 8-week-old
cPVR mice, which express the poliovirus receptor under the control of the
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beta-actin promoter (11). Mice were infected under anesthesia with 100 �l of
viral supernatant via the intraperitoneal or intravenous route (i.e., the tail vein).
The mice were monitored daily for the onset of paralysis and euthanized when
total paralysis was imminent. Whole organs were isolated from all mice and
homogenized in 2 ml PBS with a T1 Basic S1 disperser (Ika Works). Viral
supernatants were recovered from the tissue homogenates following three
freeze-thaw cycles and centrifugation at 1,000 rpm for 5 min in a benchtop
clinical centrifuge (Sorvall Legend T, rotor 75006434).

Microrray hybridization, washing, and scanning. Four PCR products were
pooled in equal quantities for each microarray—5� and 3� reactions for each
sample. The pools were precipitated, resuspended in 20 �l hybridization buffer
(3� SSC, 25 mM HEPES, pH 7.0, 0.25% SDS), denatured at 95°C for 5 min, and
allowed to cool slowly to ambient temperature. The hybridization solution was
injected between the microarray slide and the coverslip, and the arrays were
incubated overnight at 44°C in sealed hybridization chambers (DieTech). The
slides were washed twice in 0.2� SSC-0.3% SDS at 44°C, once in 0.2� SSC at
44°C, and once in 0.2� SSC at ambient temperature. The arrays were dried by
brief centrifugation using a benchtop minicentrifuge (Labnet) and scanned at
10-�m resolution using an Axon 4000B scanner (Molecular Devices).

Data analysis and statistics. Array images (16-bit TIFF files) were analyzed
using GenePix Pro 6.1 (Molecular Devices). Grids were applied using the ap-
propriate.gal file. Poor-quality spots were identified based on the following
criteria: a signal-to-noise ratio of 	2 in either channel, fewer than 50% of pixels
with signals greater than 2 standard deviations above background in either
channel, or greater than 10% saturated pixels in either channel. The associated
data were excluded from subsequent analysis.

Statistical analyses were performed with Limma and R (60). Data were nor-
malized within each array by fitting a loess curve to the control spots. Replicate
spots within the same array were then averaged. For experiments comparing the
guanidine-resistant mutant to the wild type, arrays with P0 and P2 references
were analyzed separately using common reference design. Dye swap and biolog-
ical-replicate effects (n � 5) were controlled by including them as fixed covari-
ates, while the technical-replicate effect was included as a random effect. For the
mutant passage experiment, analyses were done separately for Cy3 and Cy5
channels using common reference design. Biological replicates (n � 5) were
controlled as described above.

RESULTS

Overview of the barcode microarray platform. Our assay
couples molecular barcoding and microarray-based quantita-
tive phenotypic analysis, an approach used successfully in sig-
nature-tagged mutagenesis screens of bacteria and yeast. In
such screens, individual mutants are generated and labeled
with a distinguishing molecular tag, usually a 20- to 40-nucle-
otide sequence (Fig. 1). These “barcoded” strains are then
pooled and grown as a mixed population. The population is
sampled at defined time points, and the level of each strain
under a given competitive growth condition is quantified using
a microarray that contains oligonucleotides complementary to
each molecular tag. The advantage of this approach is that it is
highly quantitative and massively parallel, providing informa-
tion on thousands of strains replicating in parallel. The general
schema of our assay is similar, but we have had to adapt our
platform to satisfy the constraints of the poliovirus system and
perform additional controls required for experiments with a
highly mutable RNA virus.

Fundamental to any high-throughput assay based on signa-
ture tagging is obtaining a library of molecular barcodes that
reliably distinguish individual variants within a complex popu-
lation. We used the barcode sequences published by the Yeast
Genome Deletion Project. This set of computationally opti-
mized barcodes offers several advantages: (i) The 20-nucleo-
tide barcodes can be readily inserted using standard molecular
biology techniques. (ii) Each 20-mer differs from every other
barcode at 5 positions, allowing substantial discriminatory

power. (iii) All barcodes are predicted to be devoid of RNA
secondary structures and have similar melting temperatures,
simplifying competitive hybridization experiments. Because
our marker strategy uses an available library and does not rely
on virus-encoded polymorphisms, our system is applicable to a
broad range of viruses.

FIG. 1. Overview of the barcode microarray platform. A library of
distinct viral subpopulations is generated by insertion of 20-nucleotide
sequence tags into the poliovirus genome. These “barcodes” are
unique identifiers of that viral subpopulation. The population of bar-
coded variants is passaged on susceptible cells. The fitter variants, and
their corresponding barcodes, increase in frequency, while the less fit
variants decrease. Viral genomic RNA is recovered from each popu-
lation, and the barcode tags are amplified by reverse transcription and
asymmetric PCR using Cy-labeled primers. In each competitive hy-
bridization, one population is labeled with Cy3 and the other with Cy5.
The labeled barcodes are hybridized to a microarray that contains
oligonucleotides complementary to each barcode. The fluorescence
intensity of each element on the microarray reflects the frequency of
the corresponding viral variant in the population. IRES, internal ribo-
some entry site.

3782 LAURING AND ANDINO J. VIROL.



Locations of barcodes and genetic neutrality. All marker
strategies for distinguishing viral variants require that the ge-
netic marker be selectively neutral (29, 31, 37). If this assump-
tion is violated, it is difficult to discern whether an observed
viral phenotype is due to viral polymorphisms or confounding
effects of the associated marker. Our assay relies on the inser-
tion of exogenous sequences at two distinct sites within the
poliovirus genome. As such, there are three issues relating to
the neutrality of these markers. (i) Do the insertion sites tol-
erate exogenous sequence? (ii) Do the sequences themselves
affect viral fitness? (iii) Do the sequences exert epistatic effects
on the distribution of mutants within a viral population? RNA
viruses are notorious for their compact genomes; the 7,440-
nucleotide poliovirus RNA codes for 11 viral proteins and
regulates their efficient expression throughout its replication
cycle (25). To minimize direct and epistatic effects of sequence
insertion on the viral phenotype, we focused on noncoding
sequences that are also predicted to be devoid of RNA sec-
ondary structure. We inserted 5� barcodes between the struc-
tural elements of the internal ribosome entry site and the start
codon for the viral polyprotein (Fig. 1). The 3� barcodes were
inserted between the polyprotein stop codon and the regula-
tory stem-loop structures in the 3� untranslated region.

We assayed the effects of 5� and 3� barcodes on viral fitness
using one-step growth curves, which measure the kinetics of
viral replication through a single cycle of infection. While there
were slight differences at individual time points (Fig. 2A, 5�/3�
barcodes at t of 4 and 10 h and 3� barcode at t of 10 h), the
overall growth rates were similar. While growth curves are
insufficiently sensitive to exclude small effects on fitness, our
data suggest that the locations of the barcodes do not signifi-
cantly affect viral replication. We further characterized the
selective neutrality of the barcodes by examining their genetic
stability over repeated passages. We and others have generally
observed rapid deletion of exogenous sequences by RNA vi-
ruses over several passages due to pleiotropic effects on viral
fitness. Mutations within the barcodes are also a potential
complication of sequence tagging a ribovirus, and approxi-
mately 0.5% of barcodes will carry a mutation at any time
(assuming a constant mutation rate across the genome, two
20-nucleotide barcodes, 7,481 total bases, and one mutation
per genome per replication cycle). However, without a fitness
effect, these barcode variants will achieve a mutation-selection
balance and remain at a low frequency in the population. Thus,
we carried out population sequencing of individual viruses
after repeated passages. We detected only an occasional sub-
stitution at a late passage, suggesting that most barcodes do
not exert negative selective pressure on the virus (Fig. 2B).
Interestingly, all of the mutations identified changed candidate
AUG codons within the barcode sequence. Because these bar-
code-encoded codons could serve as alternative translation
start sites, they are an illustrative exception to the selective-
neutrality hypothesis and were excluded from further experi-
ments. We also found no evidence of insertions or deletions
within the barcodes by sequence (see Fig. S1 in the supple-
mental material) or sensitive RT-PCR analysis (see Fig. 5A).
This result further argues for the relative neutrality of the
insertion site and the exogenous sequence. Of note, we found
that the low observed level of mutation in neutral barcodes did
not significantly affect the microarray hybridization efficiency

or discriminatory power (Fig. 3) (68). Together, our data sug-
gest that barcode insertions at the selected sites have only
minor effects on viral fitness. Because of the large number of
barcode sequences used in these experiments, it is not feasible

FIG. 2. Wild-type and barcoded polioviruses replicate with similar kinet-
ics. (A) Replication kinetics of wild-type (solid line; squares), 5�-barcoded
(dotted line; circle), 3�-barcoded (dashed line; triangle), and double-barcoded
(large dashed line; diamond) viruses. HeLa cells were infected in triplicate at
an MOI of 1. Samples were taken at the indicated time points (x axis), and the
titer of progeny virus was determined by plaque assay. The viral titers (y axis)
represent the means 
 standard deviations (SD) of three replicates.
(B) Genetic stability of barcode sequences after repeated passages. Vi-
ruses containing the indicated barcodes (285 to 288) at the 5� insertion site
were passaged 10 times at either high (MOI � 10) or low (MOI � 0.001)
multiplicity. Virus was recovered for population sequencing at every other
passage. The population consensus sequences of the barcodes are shown
compared to the plasmid clone, with mutations indicated in italics.
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to quantify the effect of each barcode by competition with a
wild-type reference over extended passages. However, small
barcode-mediated effects should not significantly confound fit-
ness measurements in short-term experiments (	10 passages),
particularly if multiple barcodes are used for each tagged vari-
ant. In the experiments described below, we further controlled
for the effects of the barcode sequences on a given variant by
using a barcoded wild-type reference.

Amplification of barcodes by RT-ssPCR. We examined a
number of protocols for preparing fluorescently labeled tem-
plate from viral genomic RNA. Direct labeling of the barcodes
during cDNA synthesis resulted in long probes with relatively
low specific activity and cross hybridization of labeled viral
sequences. We therefore pursued a PCR strategy in which
cyanine dye (Cy)-labeled primers were used to amplify the
barcode sequences. Because amplification converted long
cDNA samples into short, �60-base amplicons, it reduced the
complexity of the hybridized sample, thereby improving assay
specificity. We also boosted the amount of nucleic acid avail-
able for hybridization by using single-stranded rather than con-
ventional PCR.

Random priming in a reverse transcription reaction was
used to create an unbiased representation of cDNA from the
corresponding viral genomic RNA (Fig. 4A). The 5� and 3�
barcode identifiers were then amplified from this template by
asymmetric PCR (47, 52). In our protocol, the reverse primer
is end labeled with either Cy3 or Cy5 and present in 20-fold
molar excess over the forward primer. The forward primer is
exhausted after approximately 10 cycles, and further cycling
generates an excess of antisense, Cy-labeled, single-stranded
DNA (Fig. 4B). Each reaction mixture has the same quantity
of limiting primer, which ensures that the yields of labeled
product are similar over a wide range of template concentra-
tions (Fig. 4C). Because this step effectively normalizes the
total Cy3 and Cy5 signal in each viral population, the fluores-

cence of any given barcode measures the relative amount of
that subpopulation within the larger sample. The amplification
step also allows analysis of relatively small populations.

Precision and accuracy of array measurements. We next
tested the dynamic range and accuracy of our platform for
detecting changes in the frequency of a single barcoded sub-
population within a complex pool. We generated a barcoded
poliovirus clone bearing a single point mutation, C4605U,
which renders the virus resistant to the antiviral drug guanidine
(49). This clone contained three distinct genetic markers,
which allowed detection by independent techniques. The rel-
ative frequency of barcodes 178 and 196 were measured by the
microarray, and the relative titer of guanidine-resistant virus
was measured by plaque assay in the presence and absence of
drug. We serially diluted a stock of the 5� 178/3� 196-C4605U
virus into a stock of a barcoded wild-type library and measured
the relative frequency of this variant by microarray and plaque
assay. We found that the microarray platform is comparable in
precision and accuracy to plaque assay, and both protocols are
linear over a 100- to 250-fold dynamic range (Fig. 5). Below
this threshold, accurate microarray quantitation is problematic
because of background fluorescence and a low signal-to-noise
ratio. In plaque assays, this background signal reflects the pres-
ence of preexisting guanidine-resistant variants in “wild-type”
quasispecies (12). Nevertheless, these data indicate that the
barcode microarray provides a robust platform for accurate
measurements of genome frequency within a complex popula-
tion.

Normalization of microarray data and statistical analyses.
Data normalization allows comparisons within and between
experiments and is a key element of microarray data analysis
(33). It corrects for nonbiological sources of error, including
unequal quantities of RNA or ssPCR-amplified product, bias
in labeling or detection efficiency, and differences in loading.
Many standard techniques available in commercial platforms

FIG. 3. Effect of barcode mutation on hybridization efficiency. Viral genomic RNA from a double-barcoded virus (5�285/3�288) was reverse
transcribed, Cy labeled by asymmetric PCR, and hybridized to a custom array tiled with all possible point mutants and a subset of double mutants
for each barcode. The raw signal intensity on each spot reflects the hybridization efficiency of each barcode against a mismatched partner and is
shown as a histogram with wild-type barcodes, single-mutant barcodes, and double-mutant barcodes indicated.
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rely on total-intensity-based normalization, in which one as-
sumes that the average fold change across all samples is equal
to 1. This assumption is not valid in many viral-evolution ex-
periments, where bottlenecks, population expansions, and se-
lective events may drastically alter the total population size.
Because our PCR amplification step equalizes the total num-
bers of barcoded genomes sampled from the two different

populations, competitive hybridization on our barcode mi-
croarray reveals changes in the relative rather than the abso-
lute frequency of a given subpopulation within the larger qua-
sispecies. As a result, a high fitness variant that increases its
absolute number from one passage to the next will exhibit no
change in our assay if the total population increases by a
corresponding amount.

We addressed this issue by designing a normalization pro-
tocol based on the addition of external “spike-in” controls (23,
43). Changes in the relative frequency of these controls can be
used to correct for total population size, thereby converting
measurements of relative frequency to estimates of changes in
absolute frequency. The spike-in controls are a set of 12 wild-
type poliovirus clones that each have a unique pair of barcodes
in the locations defined above. The titers of viruses derived
from these plasmids were determined, and the viruses were
diluted and pooled so that each of the 12 stocks was repre-
sented in a 2-fold serial dilution series spanning a 4,096-fold
dynamic range (e.g., 212). Defined volumes of this pool were
added to each viral supernatant prior to sample processing.
Because the absolute numbers of barcodes amplified from the
two samples are essentially equal, the relative frequency of
spike-in barcodes is inversely proportional to the starting pop-
ulation size. In each experiment, we derived a standard curve
from the signal on the spike-in control spots, which was used to
normalize the fluorescence signal on the experimental spots
(Fig. 6). Pilot experiments and dye flips with technical repli-

FIG. 4. Amplification and labeling of barcode tags by RT-ssPCR. (A) Protocol schematic. Barcode sequences are shown in gray. Random
hexamers and oligo(dT) are used to prime reverse transcription of short cDNA from the viral RNA. This cDNA is used as a template in two
separate PCRs, one for each barcode. In this asymmetric PCR, the Cy-labeled primer (*) is present at 20-fold molar excess relative to the forward,
sense primer. A double-stranded DNA product is produced for a limited number of cycles until the forward primer is used up. The remaining cycles
result in linear amplification of single-stranded, antisense, Cy-labeled product. An, poly(A) tail of the viral genome RNA. (B) ssPCR reactions were
run in octuplicate for each barcode, indicated below, and a sample was removed every 5 cycles. The amplified product was electrophoresed through
a 4% agarose gel and stained with SYBR gold. Positions of markers (in bp), double-stranded (ds) and single-stranded (ss) DNA, and primers on
the gel are indicated. (C) Genomic RNA was isolated from serial 10-fold dilutions of a viral stock (�109 PFU/ml) and subjected to RT-ssPCR as
in panel B.

FIG. 5. Dynamic range and accuracy of the barcode microarray
platform. A double-barcoded guanidine-resistant virus (5� U178/3�
U196) was serially diluted in a stock of the WT96 library. (A) Titer of
guanidine-resistant virus, measured by plaque assay (y axis, log scale),
as a function of the dilution factor (x axis, log scale). (B) Fold change
of guanidine-resistant virus, measured by microarray (y axis, log scale)
as a function of the dilution factor (x axis, log scale). Measurements
derived from triplicate array elements for each of the barcodes are
shown.
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cates from the same sample indicate that this normalization
protocol was reproducible and accurate.

Measuring viral fitness by competitive hybridization. Exper-
imental approaches to viral evolution rely heavily on fitness
measurements for inferences about the adaptive process and
its molecular correlates. Direct-competition assays, in which a
given variant is competed against a marked reference strain,
measure relative fitness, and serial passage allows precise mea-
surement of small fitness differences (31, 37). We used fitness
assays as an approach to validate the performance of our
microarray platform. As in our initial pilot studies, we used a
barcoded guanidine-resistant strain to distinguish this variant
by both plaque assay and microarray. We competed the strain,
5� 182/3� 202-C4605U, against a library of 40 barcoded wild-
type variants. The competitions were carried out in the absence

of drug. By measuring the decline of the C4605U variant rel-
ative to the wild-type competitors, we were able to determine
the fitness cost of the drug resistance mutation.

We mixed the 5� 182/3� 202-C4605U mutant with the WT40
library at a 5:1 starting ratio and infected five replicate dishes
of HeLa cells at a multiplicity of 1. As in other competition
experiments, an excess of the less fit mutant strain was used to
ensure its presence in the population over multiple passages
(31, 37). We attempted to limit coinfection and associated
recombination within the population by using an MOI of �1
and limiting each of the four passages to the time required for
one infectious cycle. Given the burst size of poliovirus, the
number of progeny far exceeds the remaining input virus (10,
24, 26). For each sample, we measured the relative frequencies
of barcodes 182 and 202 by microarray. We also compared our
array measurements of fitness to titer-based determinations by
plaque assay in the presence and absence of drug. In both
assays, we found a steady and consistent decline in the C4605U
drug-resistant variant relative to the wild type. A linear regres-
sion of microarray data from the five biological replicates mea-
sured the relative fitness of this variant as 0.38 to 0.39 over the
first two passages with good concordance between the data
from the 5� and 3� barcodes (Fig. 7A). There was more vari-
ability at later passages, with fitness estimates of 0.32 to 0.45.
Close inspection of the data suggests that some of this varia-
tion is attributable to differences in the reference population
used for each experiment. Because the decline of the guani-
dine-resistant variant after two passages exceeded the dynamic
range of the array, populations at passages 3 and 4 were com-
pared to that at passage 2, as opposed to the more uniform P0
population. As before, we found that there was good agree-
ment between the microarray measurements and plaque titers.
On a per-passage basis, we measured the relative fitness of the
guanidine-resistant variants by plaque assay as 0.45, 0.17, and
0.44 at passages 2,3, and 4, respectively (Fig. 7B). Because of

FIG. 6. Normalization of microarray data using spike-in pools. Equal
volumes of a spike-in pool of 12 barcoded viruses were mixed with two
aliquots of the same barcoded viral stock. The two samples were labeled
with either Cy3 or Cy5 as described in the legend to Fig. 5 and hybridized
to the same microarray. The intensity ratio (M; log2Cy3 � log2Cy5) for
each array element is plotted against its average intensity [A; (log2Cy3 �
log2Cy5)/2]. Spots corresponding to spike-in viruses are shown as filled
circles, and spots corresponding to experimental samples are shown as
open circles.

FIG. 7. Measurements of viral fitness in a competition assay. A double-barcoded guanidine-resistant virus (5� U182/3� U202) was mixed with
the WT40 library and serially passaged on HeLa cells in quintuplicate at an MOI of 1. Samples from each passage and replicate were recovered
for titering by plaque assay and microarray analysis. Fitness was measured as a change in the ratio of the mutant (mut) in the population over time
relative to the change in the ratio of the wild type (wt). This concept is expressed mathematically as log [NM(t)/NM(t0)] � w � log [NW(t)/
NW(t0)], where NM(t) and NW(t0) represent the titer of the mutant and wild type, respectively, at the beginning of the infection (t0) and time
in passage postinfection. Therefore, fitness corresponds to the difference between the log2 mutant ratio and the log2 wild-type ratio, which is shown
on the y axis. (A) Microarray analysis of the fold change in the guanidine-resistant mutant relative to the median of measurements derived from
40 wild-type viruses. The data are derived from linear regression across all five biological replicates at each passage. P values, corrected for
multiple-hypothesis testing, are shown. Measurements derived from the 5� and 3� barcodes are shown in black and light gray, respectively.
(B) Measurement of fitness by plaque assay. Titers of the guanidine-resistant variant and wild-type reference were measured by plaque assay in
2 mM guanidine or no drug, respectively. The data are expressed at each passage with means 
 standard deviations for the five biological replicates.
For comparison to the microarray, the data are expressed in log2 scale. (C) As in panel B, except the trend line is fitted through data from all five
biological replicates and all passages. The slope of this regression reflects the relative fitness according to the equation above.
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the larger variability in titer across biological replicates, we also
estimated fitness as a function of passage by fitting a standard
curve through all data points (Fig. 7C). This estimate, 0.28, is
consistent with the per-passage data and is in good agreement
with the microarray data. These data confirm the reliability of
the microarray platform, especially given the inherent ambigu-
ities of comparing relative frequencies of viral genomes to
measurements of infectious particles.

Suitability for in vivo studies and demonstration of a sto-
chastic CNS bottleneck. The population dynamics of viral in-
fection in infected hosts are complex, and recent studies sug-
gest that bottleneck events and population segregation may
play a significant role in viral evolution and pathogenesis (4, 35,
45, 50). Tagging strategies are useful for these studies, as the
barcodes function as lineage markers for each subpopulation.
We tested the utility of our platform for in vivo studies of viral
pathogenesis using a murine model of poliovirus infection.
Work in this system suggests that multiple host bottleneck
events restrict population diversity prior to central nervous
system (CNS) invasion (35, 45). For our in vivo studies, we
used a wild-type population consisting of equal quantities of 96
identical subpopulations, each with a unique 5� barcode
(WT96 library; see Materials and Methods). Mice were in-
fected either intramuscularly or intravenously with 108 PFU of
the library, the median lethal dose. High titers were achieved
in a majority of the mice (Fig. 8), and the RT-ssPCR protocol
was successful at amplifying barcode sequences from a variety
of tissues for subsequent microarray analysis. We used the
array as a semiquantitative tool to identify the origins of the
viral populations in each tissue. Subpopulations were identified
as present in the tissue if they increased in relative frequency
compared to the inoculum and absent if they decreased. In all
cases, the signal for present and absent barcodes differed by
several orders of magnitude. Using this method, we observed a
stringent CNS bottleneck with at most 6 out of the 96 sub-
populations able to access the brain. Importantly, the specific
barcodes identified in the brain were different for each mouse.
This stochastic result is expected given that each subpopulation
of 106 PFU in the library is essentially isogenic, except the
selectively neutral barcode. These results highlight the power
of our platform for quantifying host bottlenecks and its utility
for in vivo studies of viral evolution.

Tracking subpopulations within an evolving quasispecies.
Quasispecies theory suggests that the genetic architecture of
the viral population determines its phenotype. We examined
the ability of our system to measure such changes by generat-
ing an artificial quasispecies composed of 48 distinct subpopu-
lations. We derived a highly diverse population by passaging a
wild-type population in 400 �M ribavirin, an RNA mutagen
that increases the viral mutation rate to roughly 8 mutations
per genome (10). The vast majority of variants in this popula-
tion harbored at least one lethal mutation, as we observed a
100-fold reduction in titer after a single passage. Array-based
resequencing of this population further suggested that the vi-
able fraction also had an increased mutational load compared
to the wild type (65). We cloned unique, viable variants from
the population by endpoint dilution after a single drug passage
and barcoded them by RT-PCR. Forty-eight of these barcoded
clones were pooled, and the corresponding viral population
was passaged on HeLa cells. Sequence analysis of the P1 pop-
ulation of 48 clones indicate that our sample of the ribavirin-
treated population has an increased mutational load compared
to the wild type, with a strong statistical trend (Table 1). These
barcoded variants represent a region of sequence space more
distant from the master sequence than variants in standard
wild-type populations.

We used the microarray to measure changes in frequency
of each barcoded subpopulation at every passage. As men-
tioned above, linear regression of microarray data from the
five biological replicates measured was used to estimate the
relative fitness of each variant. We measured a statistically

FIG. 8. Analysis of population segregation in vivo. Mice were infected in pairs, either intramuscularly (IM) or intravenously (IV), with the
5�-barcoded library WT96 at the median lethal dose. They were euthanized 4 days postinfection. (A) RT-ssPCR with Cy-labeled primers of total
RNA from brain homogenates and the inoculum. (B) Sample microarray showing a single-barcoded variant (red spots; in triplicate) present in
brain tissue compared to other barcodes in the inoculum, which were not isolated from the brain (green). Also shown are control spots, which are
saturated in this image (white). (C) Viral titer and number of barcodes present in the brain of each mouse. No signs of infection were observed
in the IV 2 mouse.

TABLE 1. Mutational loads of populations

Population
No. of
clones

sequenced

No. of
unique
clonesa

No. of
nucleotides
sequenced

Total no. of
mutations

No. of
mutations

per
genomeb

Mutant pool 62 32 73,822 67 6.75
Wild type 35 17 41,474 26 4.66

a Only clones with unambiguous sequences and �1 mutation over a 1,240-
nucleotide region (capsid region; positions 1353 to 2592).

b Based on a 7,440-nucleotide genome. P � 0.1210 for all clones, and P �
0.1239 for unique clones by the Mann-Whitney U test.
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significant change in the relative frequencies of 23 out of the
48 variants based on analyses of both barcodes (Fig. 9A; see
Table S4 in the supplemental material). Among these 23
mutants, the vast majority encoded changes with deleterious
effects. After two passages, the relative fitness ranged from
0.34 to 0.83. The relative fitness of the deleterious variants
over four passages ranged from 0.09 to 0.73. Although we
were able to distinguish minor fitness differences after just
one passage, the larger effects observed after multiple pas-
sages resulted in more statistical power. We found reason-
able concordance in fitness measurements obtained by the
5� and 3� barcodes for each variant (Fig. 10). This was
generally poorer than expected. In most cases, the differ-
ences were small and could be due to small differences in the
discriminatory power or detection threshold for individual
barcodes. Similar effects have been documented in yeast,
where in some cases only one of two barcodes provides
usable data (67). Although we tried to limit each passage to

one replication cycle, we cannot exclude the possibility of
recombination and breakdown of barcode linkage, particu-
larly at later passages.

Fitness values for the remaining 25 barcoded variants in the
population were closer to wild type and did not achieve statis-
tical significance. While discordant results across the five bio-
logical replicates did play a role, many of these 25 variants
exhibited only minor fitness defects (relative fitness, 0.85 to 1)
that were difficult to resolve from a wild-type reference (Fig.
9B). This result suggests that poliovirus inhabits a neutral
region of sequence space where the majority of mutations do
not lead to significant fitness effects. These data extend previ-
ous studies from our laboratory, where we found that many of
the viable mutants isolated following ribavirin passage encode
synonymous mutations with minor fitness effects (65). To-
gether, our data demonstrate the power of our microarray
system for tracking viral subpopulations within an evolving
quasispecies.

FIG. 9. Fitness distribution of a randomly mutagenized viral population. Fitness was quantified as the slope of the linear regression of the
relative barcode frequency over multiple passages, as in Fig. 7. The 5� and 3� barcodes were analyzed independently, and data are presented for
all barcodes, regardless of the statistical significance. The histograms (left) show the distribution of fitness values for all 48 barcoded variants
derived from a mutagenized population. The scatterplots (right) show the fitness values for each variant plotted against the log of the P value. The
vertical lines at �1.3 correspond to a P value of 0.05; values to the left of these lines were statistically significant after correction for
multiple-hypothesis testing.

FIG. 10. Mutant passage. Shown is the correlation between the fold changes measured by the 5� barcode (x axis) and 3� barcode (y axis) for
each barcode pair. The passages in each analysis are shown above each plot. The data are from Table 1 and were analyzed as in Fig. 9.
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DISCUSSION

The field of population genetics has long relied on various
marker-based strategies to make inferences about fitness and
genetic variation within complex populations (29). Experimen-
tal approaches to RNA virus evolution have generally been
limited by the paucity of neutral genetic markers for given
variants or subpopulations. We applied a signature-tagging
approach to this problem and developed a high-throughput
microarray platform capable of tracking distinct subpopula-
tions within a larger viral quasispecies. Because existing librar-
ies of computationally optimized barcodes have over 9,000
such sequences, our scalable assay is well suited to studies of
RNA virus population structure. The barcode amplification
and hybridization protocols described here provide accurate
and precise measurements over a 100-fold dynamic range. By
using spike-in controls and loess-based normalization, we are
able to determine relative frequency in populations that differ
in absolute titer (60). We found that array-based measure-
ments of viral fitness closely mirrored those derived from the
viral titer and quantitated the fitness of a large number of
mutants replicating as a mixed population. Experimental in-
fections in a transgenic-mouse model demonstrate the utility of
our platform for in vivo studies.

A system for studying viral populations. The primary objec-
tive of this project was to develop an experimental platform for
characterizing the complex genetic architecture of RNA virus
populations. The application of quasispecies theory to the
study of pathogenesis and antiviral resistance has been limited
by the relatively poor sensitivity of sequence-based approaches
for population level changes (discussed in reference 65). Con-
ventional sequence analysis of a viral quasispecies will give a
consensus sequence, which is essentially a weighted average of
all the sequences present in the population and is not neces-
sarily present as a single genome (15). While newer “deep-
sequencing” technologies have revolutionized experimental
approaches to complex systems, the reported error rate of 0.5
to 1% means that they can only reliably discern the sequence
of variants present at frequencies of greater than 1% in a
population that may number up to a billion (34). The short
read length of many next-generation sequencing platforms also
provides little information on linkage among mutations or
overall haplotype. Finally, the current cost of such studies
makes it difficult to perform replicate experiments on the scale
proposed here.

Our platform addresses many of these issues and could be a
valuable complement to sequencing-based approaches.
Whereas sequencing can describe the mutational spectrum of
a population, the barcode microarray defines the relative fre-
quencies of variants within the larger quasispecies. Each bar-
code identifier serves as a lineage marker for a given subpop-
ulation and provides information on the associated genome, or
haplotype. The barcodes may also function as molecular han-
dles for subsequent PCR amplification and sequencing. Be-
cause thousands of markers are available, the array can theo-
retically track haplotypes present at a low frequency within the
population. However, data from signature-tagged-mutagenesis
studies suggests that pools with large numbers of marked
strains (�1,000) may suffer from poorer sensitivity for rarer
subpopulations that escape amplification and detection. Our

system could also be used to track recombination between two
genomes if markers are placed on opposite ends of the RNA.
Although our pilot studies were insufficiently powered for mea-
surements of recombination, the 5� and 3� barcodes main-
tained partial linkage. A similar multiple-marker approach
could be used to characterize reassortment in segmented vi-
ruses or cross-packaging in retroviruses. Our system also has
significant advantages in terms of overall cost. Because most
institutions are equipped with basic microarray functionality,
our assay is accessible to many small academic laboratories.
Oligonucleotide synthesis is the main cost limitation. After
setup, the recurring cost is mainly consumables related to RT-
PCR amplification.

Application to experiments on viral evolution. Evolutionary
theory seeks to define how mutation, selection, recombination,
and drift affect the adaptive process. The challenge for the
experimentalist is to observe and measure these phenomena in
vitro and in vivo. As illustrated here, our microarray platform is
well suited to such experiments. Fitness measurements are
common in experimental evolution, and most published assays
are able to compare only a few candidates. In contrast, we were
able to determine the fitness of a large number of variants in an
artificial quasispecies, and the assay has the capacity to track
hundreds or even thousands using the same protocol. This
expanded scope and resolution should be useful in studies of
RNA viruses where the degree to which minority variants in-
fluence the fitness and adaptability of a population is a largely
unanswered question (13, 64). Our data also show that the
barcode microarray assay is sufficiently sensitive for in vivo
studies of population segregation and migration. Work from
our laboratory suggests that virulence is related to quasispecies
diversity and that positive interactions among members of a
population can influence the infectious outcome (64). The
spatial and temporal nature of these interactions is unclear,
and the host environment is known to present a number of
stringent bottlenecks that segregate viral populations. As in
other systems, the size of a genetic bottleneck can be measured
by applying a simple probabilistic model to microarray data
from animal infections with heterogeneously barcoded wild-
type viruses (4, 35, 45, 50). After several passages, each of
these tagged wild-type viruses will give rise to a tagged popu-
lation. Assuming similar mutant distributions among these bar-
coded populations, stochastic events will govern which bar-
coded variants access a given tissue. The number of distinct
barcodes reflects the number of founders that transited the
bottleneck. Data on population segregation and migration can
also be used to construct models of in vivo population dynam-
ics, as has been described for Salmonella spp. (28). Unfortu-
nately, our assay was insufficiently quantitative to provide pre-
cise information about the frequency of viral recombination in
vivo, and therefore, we relied on a single-marker strategy for
these studies.

Poliovirus populations occupy a neutral space. The charac-
teristically low replicative fidelity of RNA viruses ensures that
almost every genome contains at least one mutation compared
to its parent (3, 17, 61). Viral populations have the capacity to
explore vast regions of sequence space, and many have focused
on the relationship between the mutation rate and adaptability.
However, it is also clear that mutation presents a double-edged
sword (18, 22). Because RNA viruses tend to have small and
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tightly organized genomes, many mutations have deleterious
effects on viral fitness. For example, Sanjuán and colleagues
have shown that the vast majority of point mutations in vesic-
ular stomatitis virus negatively impact viral fitness (54, 55).
Recent studies suggest that many RNA viruses have adapted to
their low replicative fidelity by becoming “robust” to the effects
of mutation (9, 21, 39, 53). In evolutionary models, mutational
robustness refers to constancy of phenotype despite the occur-
rence of deleterious mutations. Although the mechanisms un-
derlying viral mutational robustness are unclear, a viral popu-
lation can be intrinsically robust if it occupies a neutral region
of sequence space. Because this neutral space corresponds to
flatter regions of the corresponding fitness landscape, quasi-
species theory predicts that RNA viruses exhibit a phenome-
non termed “survival of the flattest” (9, 53, 62, 66).

Our results with a mutagenized population of polioviruses
are consistent with this model. Ribavirin is a potent viral mu-
tagen and increases the basal mutation rate 4-fold at the con-
centrations used here (10). Each of our randomly selected
variants would therefore be expected to encode several muta-
tions compared to consensus sequence, and our sequence anal-
ysis of individual clones supports this assumption. Despite this
mutational load, we found that only a minority exhibited sig-
nificant fitness defects. Many of those that achieved statistical
significance had relatively modest effects. These data comple-
ment recent studies from our laboratory, where we found that
most of the accumulated mutations in this population are syn-
onymous and therefore more likely to be selectively neutral
(65). The size of the neutral space may also be strongly influ-
enced by epistatic effects among individual mutations (21, 54).
We are cautious, however, in the interpretation of our results.
Because our experimental system does not provide informa-
tion on lethal mutations, our description of the poliovirus fit-
ness landscape is incomplete. Furthermore, the cloning and
library construction process may have been biased against
more highly mutated variants with low relative fitness.

The scope and complexity of neutral space has practical
implications for the lethal mutagenesis of RNA viruses. A
number of studies suggest that viral populations can be extin-
guished by treatment with mutagenic drugs (10, 12, 32, 36, 58).
These efforts have been inspired by quasispecies theory, which
predicts a mutational meltdown with loss of meaningful genetic
information at supranormal mutation rates (5, 19). Experimen-
tal demonstration of a classic error catastrophe with loss of the
master sequence has proven difficult, and many have argued
for a distinction between lethal mutagenesis and error catas-
trophe (7). Indeed, careful studies of lethal mutagenesis by
Grande-Pérez and colleagues have shown imperfect correla-
tion between the mutational load and population extinction
(27). Preextinction populations exhibit marked heterogeneity
in both the locations and numbers of mutations per genome.
Although our fitness measurements are derived from a rela-
tively small population recovered after a single drug passage,
they do suggest that heterogeneity in the mutational load
within a population could complicate efforts at extinction
through lethal mutagenesis. Without a true mutational melt-
down, a less mutagenized preextinction population could serve
as a reservoir for novel mutants that mediate antiviral resis-
tance or immune escape (1, 42, 44, 48, 57). Larger-scale studies

using our platform with poliovirus and other RNA viruses may
shed more light on this important problem.

A scalable and versatile platform. In conclusion, we have
designed a barcode microarray platform suitable for a range of
studies in RNA virus evolution. The experimental and analyt-
ical protocols presented here allow a significant amount of
assay flexibility, as they work independently of the number of
markers. Because our system relies on exogenous sequence
tags rather than viral polymorphisms, it can easily be adapted
to other viral systems. While the barcodes can exert small
fitness effects and confound certain experiments in a general or
cell-type-specific manner, these problems can be minimized by
choosing a selectively neutral insertion site. Finally, the cost
and ease of setup should make this approach widely accessible
to the academic virology community.
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