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Characterization of Viral Populations by Using Circular Sequencing

Zachary J. Whitfield, Raul Andino

Department of Microbiology and Immunology, University of California, San Francisco, San Francisco, California, USA

With the enormous sizes viral populations reach, many variants are at too low a frequency to be detected by conventional next-
generation sequencing (NGS) methods. Circular sequencing (CirSeq) is a method by which the error rate of next-generation se-
quencing is decreased so that even low-frequency viral variants can be accurately detected. The ability to visualize almost the
entire genetic makeup of a viral swarm has implications for epidemiology, viral evolution, and vaccine design. Here we discuss
experimental planning, analysis, and recent insights using CirSeq.

Viruses replicate to enormous population sizes, resulting in
many genomic variants existing at extremely low frequencies

within the population. However, given the error rates associated
with conventional next-generation sequencing (NGS), most of
these rare variants go undetected. These variants initially arise due
to the low replication fidelity inherent to most viruses, particularly
RNA viruses, whose RNA-dependent RNA polymerases (RdRPs)
display a high error rate of nucleotide incorporation. As a result of
this constant error generation, RNA virus populations are be-
lieved to exist as a “quasispecies,” a swarm of closely related viral
genomes under continuous evolution and selection, resulting in
the most fit population for the given environment (1). However, a
given mutation may be more or less fit only within a specific con-
text (such as being more resistant to a particular immunologic
defense or being more efficient at a particular stage of the viral life
cycle) (2). One illustration of this was a single point mutation
facilitating Chikungunya virus’ jump to the Aedes albopictus mos-
quito from Aedes aegypti, likely facilitating a recent outbreak on
Reunion Island, France (3, 4). The dramatic effect a single variant
can have on viral fitness illustrates the sensibility of the viral rep-
lication strategy: create a large population size with low-fidelity
replication in order to continuously “sample” the so-called se-
quence space around the parental genome sequence. This is not to
say that high mutation rates are always beneficial; viral mutation
rates have been finely tuned by evolution. Perturbing this balance
in either direction (higher or lower fidelity) typically attenuates a
virus (5, 6). Nonetheless, with this constant generation of variants,
a viral population can more rapidly adapt to changing conditions.

LIMITS OF CONVENTIONAL NEXT-GENERATION
SEQUENCING

Given that adaptation depends of the mutation composition of
the virus population, it is essential to understand the dynamics
with which these mutants arise and proliferate. While conven-
tional next-generation sequencing (NGS) can detect variants at a
frequency of only about 1 in 1,000 (due to sequencing errors) (7),
the mutation rates in RNA viruses can range from 10�4 to 10�6

per base. Consequently, many variants in a viral population that
exist at low frequencies cannot be distinguished from noise using
conventional NGS. The extraordinary amount of data generated
by NGS enables even small error rates to cause significant num-
bers of sequencing errors. On top of this, errors in cDNA synthesis
(reverse transcription and second-strand synthesis) as well as PCR
amplification during library generation add to the potential for
error. These errors look the same to a sequencer as true genetic

variation does. As a result, conventional NGS can accurately de-
tect only variants that have already risen to significant frequencies
within the viral population. This gap between the NGS limit of
detection and the mutation rate of RNA viruses means the muta-
tional composition of the virus population remains unknown. A
new sequencing protocol, called circular sequencing (CirSeq) (8,
9), was developed to increase the accuracy of conventional NGS
and uncover the genetic structure of the viral quasispecies.

STUDYING VIRAL POPULATION DYNAMICS USING CIRCULAR
SEQUENCING

CirSeq makes use of circularized RNA to help minimize down-
stream errors in sequencing. During the CirSeq workflow (9), viral
genomic RNA is fragmented, and then molecules are self-ligated,
circularizing the molecules. These circularized RNAs serve as a
template for cDNA synthesis, and the resulting “rolling circle”
replication product consists of head-to-tail repeats of the circular-
ized RNA. Only mutations present in a majority of repeats on a
given molecule are considered true variants in the RNA, while
errors from PCR, reverse transcription, and base calling during
library sequencing should not be found in all repeats. At the core
of the error correction is the random nature of error in these
processes. While PCR does tend to favor transition mutations, the
location of any PCR-induced mutations is considered random
(10–13). Illumina HiSeq technology can exhibit a bias in substi-
tution rates after particular 3-mer motifs (14), though these mo-
tifs are generally given a low quality score and are not expected to
occur in all cDNA repeats of a given molecule. CirSeq’s error de-
tection and correction approach lowers the theoretical limit of
detection well below the typical mutation rate of RNA viruses.
Consequently, all variants within a viral population can theoreti-
cally be identified using CirSeq.

In a viral population, four general categories of mutations can
be identified: lethal, detrimental, neutral, and beneficial. Biologi-
cally speaking, a detrimental mutation has a negative impact on a
virus’ ability to replicate efficiently, while a beneficial mutation
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improves some step of the viral life cycle so that it replicates more
efficiently overall. A neutral mutation has little to no impact on
viral replication. In the extreme case, a detrimental mutation can
render a virus completely replication incompetent, in which case
it is classified as a lethal mutation and should be quickly elimi-
nated from the population. It is important to keep in mind that
each type of variant can theoretically be the result of either a syn-
onymous or nonsynonymous mutation (15–17).

These general mutation categories can also be described with
respect to CirSeq analysis. Briefly speaking, neutral mutations rise
in frequency only at the rate of that variant’s mutation rate. A
detrimental mutation is one whose frequency decreases within a
population over time (or rises slower than that variant type’s in-
herent mutation rate), while a beneficial mutation rises in fre-
quency at a rate greater than that variant’s inherent mutation rate.
Lethal mutations are present in a population only at or below that
variant type’s mutation rate (these variants are continuously re-
generated at that frequency over time) (Fig. 1).

The resolution of CirSeq permits the analysis of all four cate-
gories of mutants, even those at very low frequency. Basic CirSeq
analysis (available at http://andino.ucsf.edu/toolsandprotocols)
outputs the counts of each possible nucleotide at every genomic
position in the reference. From this file, the detected frequency of
every nucleotide variant at every position in the genome can be
calculated (8, 9). Moving one step further, with the high coverage
and decreased error rate of CirSeq, these frequencies make it pos-
sible to determine the overall mutation rates for every type of
mutation (A¡T, A¡C, A¡G, T¡A, etc. . .). This is a powerful
approach which has been used, for instance, to tease apart the
contributions of a low-fidelity polymerase to each of these indi-
vidual mutation rates (18). CirSeq (and deep sequencing in gen-
eral) becomes more powerful when the dynamics of the popula-
tion composition is examined over time. Applying CirSeq at
specific instances of time (such as viral replication cycles and/or
cell culture passages) allows for the assignment of fitness values to
specific variants, including those at very low frequency (8). These
fitness values are a quantitative approach to classifying variants as
detrimental, lethal, neutral, or beneficial. Fitness can be calculated
in a number of ways but generally rely on asking how the variant’s
frequency changes over time. Does its frequency rise, fall, or stay
steady within the population? More specifically, we employ Bayes-
ian computational methods, which take these properties into ac-
count and estimate the posterior probability distribution for the

fitness of each allele in the virus population (8). Importantly, fit-
ness assignments are independent of overall frequency within the
population and are assigned based only on the change in fre-
quency between time points. Therefore, very-low-frequency vari-
ants can still be assigned high or low fitness values.

With the ability to produce such a large volume of data, CirSeq
lends deeper insight and analysis to a number of virus-specific
applications. What are the dynamics of a viral population both
when infecting a single individual and when spreading between
individuals (or even species)? What evolutionary path does a virus
follow when subverting the actions of a drug? Revisiting the con-
cept of a viral quasispecies, how does the reservoir of low-fre-
quency variants behave in the face of such challenges? Crucially,
detection of low-frequency alleles allows for characterization of
negative selection on a relatively short time scale. With the high
sensitivity of CirSeq, the population dynamics of variants nor-
mally falling below the threshold of detection by NGS can still be
analyzed. This analysis includes variants that exist but will never
rise above conventional NGS limits of detection. By way of its high
mutation rate, an RNA virus will explore its surrounding sequence
space. However, as discussed above, some variants are lethal mu-
tations, and so not all of a virus’ surrounding sequence space can
be sampled. The ability to identify variants that are not amenable
to a given environment/experimental condition helps visualize
the true sequence space a virus has available to it. This analysis
could have implications in many aspects of viral evolution, includ-
ing structure-function relationships, vaccine design, and epidemi-
ology. With regard to variants that exhibit high fitness in the face
of a particular challenge, how do they behave before that challenge
is introduced? Do these variants tend to be neutral and then be-
come beneficial after the introduction of some specific challenge?
Or could a low-fitness mutant be maintained at a very low fre-
quency only to “become” high fitness upon introduction of a chal-
lenge? Viral outbreaks can occur when a virus suddenly adapts to
a new environment or becomes more virulent toward its current
environment (or both). This adaptation starts with a minor vari-
ant establishing itself within a viral population and then taking
over. CirSeq gives us a window with which to see how viral vari-
ants rise and fall in a population and the dynamics by which they
do so.

To date, numerous studies have benefited from the power of
CirSeq (8, 13, 18, 19). The initial studies demonstrated the ability
to confidently detect ultralow-frequency variants within a ge-

FIG 1 Illustration of variant fitness categories. Variants detected using CirSeq will be assigned a fitness based on the trajectory of their frequency during the
course of the experiment. Here, a hypothetical C¡A mutation can fall into one of four categories. The � symbol represents the inherent mutation rate for this
type of variant (i.e., the overall mutation rate for C¡A). Neutral mutations rise but only due to newly generated variants due to �. Detrimental variant
frequencies may fall within the population, or could even rise, but at a level less than �. Beneficial mutations will increase in frequency within a population at a
rate greater than �. Lethal mutations will be present in a population only at or below �.
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nome, at the organismal level (13) and within a poliovirus popu-
lation (8). Furthermore, integrating serial passaging of an RNA
virus with CirSeq allowed for a new level of insight into visualizing
fitness distributions on a protein structure. This provides an im-
portant step in understanding the relationship between protein
structure and function and identifying important, yet undiscov-
ered, functional domains. As mentioned above, Korboukh et al.
(18) utilized CirSeq to calculate individual mutation rates for ev-
ery type of nucleotide substitution in two poliovirus populations,
one with a wild-type RdRP and another with a low-fidelity RdRP
(H273R). Fascinatingly, it was found that only a subset of muta-
tion rates increased in the presence of H273R, suggesting that for
some variants, the main source of mutation is polymerase inde-
pendent (18). Mutations identified by CirSeq in cell culture pas-
saging experiments have also shown a phenotype in animals. Xiao
et al. used CirSeq to compare recombination-deficient and wild-
type poliovirus (19). It was found that wild-type poliovirus accu-
mulates a subset of beneficial mutations at a higher rate than its
recombination-deficient counterparts. Together, these studies
demonstrate a new lens through which viral population dynamics
can be studied.

PROPER CirSeq EXPERIMENTAL DESIGN

In practical terms, CirSeq requires that a number of criteria be met
to help ensure quality analysis further downstream (Table 1). To
perform CirSeq efficiently, it is necessary to obtain at least 1 �g of
pure viral RNA. Less RNA could lead to insufficient yields of the
library (before amplification), risk reamplification of individual

library molecules (9), and lead to less-accurate determination of
low-frequency variants. This limitation may be relaxed if future
improvements of the protocol allow for more-efficient processing
and recovery of the viral RNA. Depending on the growth rate of
the virus and purification techniques available (either at the virion
or RNA level), attaining this much pure viral RNA can be a chal-
lenge. It is crucial to ensure beforehand that enough viral material
can be obtained for the sequencing reaction. If serial passaging
experiments are to be performed, it is also important to keep in
mind the size of the viral population being passaged. Typically, at
least 106 PFU should be passaged each time to help mitigate noise
from genetic drift (8). Furthermore, the issue of coinfection dur-
ing passages should be considered. When performing serial pas-
sages, significant coinfection may reduce the specific effect of in-
dividual variants. If two different viruses release their genome into
the same cell, complementation and competition will occur,
thereby disturbing the true fitness value of a given mutation.
However, once RNA of sufficient quality and quantity is obtained,
the CirSeq protocol uses all readily available commercial reagents.

Despite the incredible amount of data that can be obtained
using CirSeq, there is, of course, room for improvement. Cur-
rently, CirSeq treats every variant detected in isolation. That is to
say, viral haplotypes are not taken into consideration (due both to
the short read length and the currently available analysis). Simi-
larly, it will be important to incorporate epistatic interactions into
the analysis of low-frequency variants. Understanding how two
separate variants rely on one another and how they both establish
themselves in the population will shed light on how the more-
complex evolutionary landscapes of RNA viruses arise. Further
optimization of the CirSeq workflow should also allow a relaxing
of the minimum input of 1 �g viral RNA. Allowing for smaller
amounts of input RNA will make CirSeq more amenable to situ-
ations where viral RNA is in short supply: tissue-derived samples,
patient-derived samples, and poorly replicating/attenuated vi-
ruses. The experimental approaches discussed here, combined
with these improvements will work to further inform attenuated
vaccine design, as well as strategies viruses employ to cause rapid
outbreaks such as those we have seen recently with Chikungunya,
Ebola, and Zika viruses.
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