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Abstract

The evolutionary dynamics of a virus can differ within hosts and across populations. Studies of
within-host evolution provide an important link between experimental studies of virus evolution
and large-scale phylodynamic analyses. They can define the extent to which global processes are
recapitulated on local scales and how accurately experimental infections model natural ones. They
may also inform epidemiologic models of disease spread and reveal how host-level dynamics
contribute to a virus’ evolution at a larger scale. Over the last decade, advances in viral sequencing
have enabled detailed studies of viral genetic diversity within hosts. Here, I review how within-
host diversity is sampled, measured, and expressed, and how comparative studies of viral diversity
can be leveraged to elucidate a virus’ evolutionary dynamics. These concepts are illustrated with
detailed reviews of recent work on the within-host evolution of influenza virus, Dengue virus and
cytomegalovirus.

Keywords
diversity; evolution; sequencing; models; quasispecies

INTRODUCTION

It has been just over 40 years since Domingo and colleagues used T1 RNAse digestion and
two- dimensional electrophoresis to demonstrate the extraordinary genetic diversity of an
RNA phage population (1). With the advent of DNA sequencing, it was quickly recognized
that most RNA viruses exist as genetically diverse populations, both in vitro and an vivo,
e.g., (2-5). Over the last decade, so-called “next generation” sequencing technologies, have
enabled detailed studies of viral diversity within infected hosts (6-8). These studies have in
turn provided fundamental insights into viral evolutionary dynamics within hosts and their
relationship to the epidemiology and evolution of viruses at larger scales (Figure 1).

Mutation is the ultimate source of genetic diversity. Nearly all viral RNA-dependent RNA
polymerases (RdRp) lack proofreading or repair activities, and for most RNA viruses, this
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translates to a mutation rate of 1076 to 1074 substitutions per nucleotide per cellular infection
(9, 10). While the cellular and viral polymerases involved in DNA virus replication have
higher fidelity, DNA viruses can still exhibit significant mutational diversity, even within
hosts (11). Cellular cytidine deaminases can also introduce specific mutations (e.g. C to U,
G to A) into viral genomes (12, 13). Recombination among genomes is another important
source of genetic diversity in plus stranded RNA viruses, retroviruses, and DNA viruses
(14). It can lead to novel mutation combinations, gene amplification, and defective viral
genomes. While recombination is much less common in negative stranded RNA viruses,
viruses with segmented genomes can generate combinatorial diversity through reassortment
(15).

Broadly speaking, the fate of mutations or genomic variants depends on both deterministic
processes, such as selection, and stochastic processes, such as genetic drift (16-18). Natural
selection will tend to increase the frequency of beneficial mutations in a population —
positive selection — and decrease the frequency of detrimental ones — negative, or purifying,
selection. Genetic drift refers to changes in the frequencies of variants in a population

due to random sampling, which is particularly prominent in small populations. Recent
work suggests that genetic drift plays an important role in shaping within-host viral
diversity, as populations frequently experience transient reductions in population size, or
bottlenecks (19, 20). The relative contribution of selection and drift is greatly affected by
the effective population size, a model parameter that roughly corresponds to the number

of individuals in a population that contribute mutations or variants to the next generation
(16). If the effective population size of a virus is large, as in quasispecies models, evolution
is largely deterministic and the frequency of a mutation can be predicted based on its
starting frequency and selection coefficient. In small populations, selection is inefficient, and
changes in mutation frequency are strongly influenced by bottlenecks and genetic drift.

Here, | review our current understanding of within-host viral diversity, with a heavy
emphasis on studies performed over the last decade. | will first discuss how within-host
diversity is sampled, identified, and quantified, as well as the strengths and pitfalls of
various approaches. | will then describe how both cross-sectional and serial sampling of
within-host viral populations can inform our understanding of natural selection and genetic
drift. To illustrate these points, | will review recent work on the within-host diversity of
influenza virus, Dengue virus, and cytomegalovirus (CMV), with a focus on data acquired
from naturally-infected individuals. Finally, | will re-examine whether quasispecies-inspired
hypotheses regarding the importance of genetic diversity are supported by recent empiric
data on within-host populations.

ASSESSING VIRAL DIVERSITY

Over the last decade, advances in sequencing technology have revolutionized studies of
viral diversity, particularly within hosts (Figure 24). Most recent studies have used next
generation sequencing platforms (NGS), which allow one to sequence a virus at sufficiently
high depth of coverage to identify both the consensus sequence of the population and

its minority sequence variants (8, 21). However, given that the field has been shaped by
earlier work that relied on large-scale Sanger sequencing of virus populations, 1 will briefly
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cover how Sanger and NGS approaches can give different information. Regardless of the
methodology used, it is important to amplify and/or sequence the viral nucleic acid directly,
as even a single passage on cells can markedly alter the population’s composition (22).

Sanger sequencing studies of viral population diversity rely on either reverse transcription
polymerase chain reaction (RT-PCR) or PCR of individual RNA or DNA genomes,
respectively. Clonal diversity is assessed by direct sequencing of amplicons from plaque
purified virus or sequencing bacterial transformants that contain the amplified fragment
cloned into a plasmid vector (4, 23, 24). Because of the labor involved in sequencing
multiple clones, most Sanger studies have analyzed diversity in only a small region of the
corresponding viral genome, typically one that is shown to be capable of maintaining a
high level of sequence polymorphism. Properly controlled, Sanger sequencing can identify
both single nucleotide variants (SNV) and recombinant haplotypes. Studies that interrogate
the relationship between mutation rate and population diversity have tended to count only
unique nucleotide substitutions, as mutations identified two or more times in the same
population are likely to be at a higher frequency and subject to positive selection (10).

For this same reason, many studies of viral diversity exclude singletons, which tend to be
rare and can also arise through RT-PCR error (25). Importantly, Sanger sequencing can
only capture a relatively small number of clones from a much larger population, and it is
exceedingly hard to get a reliable estimate of a given variant’s frequency.

With next generation sequencing, it is much easier to obtain sequence data across the

entire genome and to sample a larger, and therefore representative, fraction of the overall
population (26). While most studies have used RT-PCR or PCR to amplify viral genomes as
fragments, hybridization-capture is increasingly used to enrich a sample for viral nucleic
acid (8). By sequencing each base hundreds or thousands of times, one can identify
mutations and their frequency within a population. Given that most NGS studies employ
short reads (150-300 bases), they are not as reliable for detecting sequence haplotypes.

A number of bioinformatic tools use overlap among sequence reads and the frequencies

of variants to infer their linkage on a given genome (26). This type of inference can be
challenging when the individual mutations are rare, and it is always possible that artifactual
haplotypes can arise through RT and/or PCR recombination during genome amplification
and library preparation.

Like Sanger sequencing, NGS can identify “false positive” sequence variants that result
from RT-PCR and base-calling and are not actually present in the original population (27,
28). The rarer the variant, the more difficult it is to distinguish true from false positives, and
most sequencing and bioinformatic pipelines cannot reliably detect variants present at <2%
frequency. My laboratory has shown that the sensitivity and specificity of variant detection
is also exquisitely sensitive to the number of input genomes (29). With lower nucleic acid
input, one’s ability to detect true positives goes down and the propagation of RT-PCR errors
leads to an inflation of false positives. These effects have been noted by others and need

to be accounted for when comparing diversity across samples with varying titer (30-32).
When the viral input is adequate, the precision of frequency estimates generally scales with
depth of coverage. A good rule of thumb is that the coverage should be ten times the
reciprocal of a variant’s frequency (i.e., 200x coverage to reliably estimate variants present
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at >5% frequency). Recent work suggests that polymorphisms within the binding sites for
amplification primers can increase or decrease the measured frequency for any mutation in
the corresponding amplicon by several fold (31).

Richness, Abundance, and Evenness

Ecologists and evolutionary biologists have developed a number of metrics to quantify the
varying elements of biological diversity (33, 34). Each is valid in its own right, but subject
to the caveat that they typically capture only some of these elements (Figure 24). Classically,
diversity is expressed as species richness, abundance, and evenness. Richness refers to the
number of distinct species in an area or community. In Virology, richness is expressed as

the number of unique single nucleotide variants or haplotypes in a population, irrespective
of their frequency. Abundance is the number of individuals of each species in a community.
Given that most studies capture only a subsample of a community, abundance is usually
described in relative terms rather than as an absolute number per species. The most common
graphical representation of relative abundance is a histogram with the number of identified
species or variants on the y-axis and the number of times each was identified on the x-axis.
In many NGS studies of viral diversity, the x-axis will be a frequency bin so as to indicate
how many variants are present at 0-10%, 11-20% frequencies etc. Frequency histograms
will also capture evenness, which refers to how similar the abundances of each species are in
a given community. For example, a viral population with 10 different variants, each present
at 10% would be very even. More commonly, the population is uneven, with an abundant
“wild type” and a much larger number of minority variants.

A variety of summary statistics have been used to express viral diversity across populations,
and the robustness of the most common ones have recently been evaluated (35). With
comparative studies, it is important to ensure that populations have been equally sampled
and that issues of sequencing bias and error have been addressed (33, 34). Many Sanger
studies have used the number of SNV per thousand bases sequenced. This metric tends

to be biased towards species richness, exclusively so if only unique SNV are included. In
NGS studies, one can use either SNV per thousand bases or the number of SNV above

a frequency cut-off. ldeally, studies that employ a variant threshold should justify this
choice and demonstrate that the principle findings don’t change with subtle changes in the
frequency cut-off (e.g., SNV identified at above 2%, 1%, and 0.5% frequency).

Shannon Entropy

Shannon entropy (abbreviated as H or D) is a diversity metric that accounts for both the
number of variants present (richness) and their frequencies,

H= - Zpi(lnp[)

i=1

where pi is the frequency of it allele and n is the number of allele. The allele can either be a
SNV or haplotype. In some cases, Shannon entropy is measured on a per site level (with i =
4, for the 4 possible bases at a given position) and expressed as the average per site entropy
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across a genome. Zhao and Illingworth have shown that Shannon is highly sensitive to read
depth and often underestimates true diversity (35).

Pairwise Nucleotide Diversity

Pairwise nucleotide diversity () is increasingly used as a summary statistic to compare
across populations and express changes over time. It is easily calculated using variant call
files generated in most NGS studies as

Z!#/nin/ — N(N - 1) - Zi”i(”i -1)

D=
%N(N— 1) NIN-1)

where nj and nj are the number of copies of alleles i and j, respectively at a given locus, /,
and N is the number of total number of alleles at a locus. Pairwise diversity across a genome
can then be expressed as

L
7= > DIL

=1

Where L is the number of sites, usually the length of the genome. Tajima’s D is similar to
pairwise diversity but is adjusted for the number of segregating sites (36). Pairwise diversity
appears to be more robust to read depth and provides a more accurate measurement of
diversity than Shannon. A major drawback of both Shannon and r are that the raw values
(e.g., Shannon of 4.71 x 107> or i of 0.035%) are somewhat abstract and less interpretable
than a frequency histogram of relative abundance.

FROM WITHIN-HOST DIVERSITY TO WITHIN-HOST EVOLUTION

Measurements of within-host diversity are rarely the end goal of a study. They are more
commonly a means to achieve a more complete understanding of how viral populations
evolve (Figure 34). This usually means identifying the sign (positive or negative) and
strength of selection, particularly as they relate to viral adaptation to specific sites of
replication, antiviral drugs, or host immune pressure. A major challenge in many such
studies is to distinguish natural selection from stochastic processes like genetic drift.
Comparative studies of diversity can also shed light on varying dynamics across viral
species, the changes in a population over time, and spatial segregation across different sites
within a host. As the observed differences in diversity can often be quite subtle, the strength
of inference depends on the size of the study, the availability of control groups, and the

use of an appropriate null model. This has been an area of innovation, and the field has
shifted from “sequencing whatever | can get my hands on” to sequencing samples collected
prospectively with associated host metadata.

The first order of business is usually to identify genes or sites under strong positive
selection, and various methods have been used to detect selection in cross-sectional datasets
(i.e., one sample per individual host) and in virus populations that are serially sampled over
time. The dN/dS (or Ka/Ks) ratio compares the number of nonsynonymous substitutions
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per nonsynonymous site to the number of synonymous substitutions per synonymous site
(37). The number of nonsynonymous and synonymous sites is based on the codons in a
given open reading frame; given the genetic code, there is typically a twofold excess of
nonsynonymous sites. As synonymous mutations are more likely to be selectively neutral
and amino acid substitutions are more likely to be “seen” by natural selection, an excess

of nonsynonymous mutations (dN/dS >1) suggests positive selection. If nonsynonymous
mutations are under-represented (dN/dS <1), then negative, or purifying selection, is said
to dominate. While these tests were initially developed for fixed (i.e., consensus) mutations
over longer evolutionary timescales, they have also been applied to alignments of clonal
viral sequences from within-host populations. A variant of this test, tn/ws, compares the
pairwise diversity of nonsynonymous and synonymous mutations corrected for the number
of sites and is often applied to NGS data (38). The dN/dS ratio is obviously biased against
non-neutral synonymous mutations (e.g., those affecting translational efficiency or RNA
structural elements) and does not capture noncoding mutations, which often have large
phenotypic effects in viral systems (39, 40). A bigger issue is that the test was designed for
populations that have significantly diverged over long time scales (41). Within hosts, dN/dS
can be artificially inflated, as nonsynonymous mutations can accumulate through neutral
processes, and selection can be fairly weak at purging deleterious mutations. Conversely, a
threshold dN/dS of greater than one is poorly sensitive for detecting genes or sites under
positive selection, particularly when purifying selection dominates — as it does within hosts
(42).

Given these challenges, a number of other criteria have been applied to identify genes or
mutations that are likely under positive selection, even in cross-sectional datasets (Figure
3b). First, mutations under positive selection are more likely to be present and at higher
frequencies than other nonsynonymous mutations (43). For example, if host antibody
positively selects viral escape variants in vivo, one would find enrichment of high frequency
SNV in antigenic regions of a viral surface protein relative to other sites in the genome. One
would be even more confident if the number and frequency of these variants were positively
correlated with host antibody titer, a measure of selective pressure. Comparing mutations
across sites and in the presence and absence of the proposed selective pressure are important,
since mutations can also increase in frequency by chance (44). Second, newly arising
mutations with a previously-characterized adaptive phenotype can reasonably be assumed
to be positively selected. Classic examples would be a known drug resistance mutation
identified in a treated individual or a mutation affecting human receptor usage that arises in
a human host after a zoonotic transmission event (6, 45-47). Third, specific viral mutations
that are repeatedly identified across individuals are suggestive of convergent evolution

and selection for a given phenotype (43, 48). Of course, this only holds if the mutations
truly arise independently in each population and are not present in multiple hosts within a
transmission chain. Given that these parallel mutations can also arise due to stereotypical
sequencing error or sample cross-contamination, it is important that additional controls are
provided to exclude this possibility. Finally, parallelism between within-host mutations and
those seen at larger (e.g., global scales) provides additional support for positive selection
(48, 49). Various statistical models can be used to determine whether the appearance of viral
mutations across hosts or across evolutionary scales is more than expected by chance.
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Repeated sampling of individual hosts over the course of an infection is a powerful approach
to explore within-host evolutionary dynamics. Identification of the same variant in multiple
samples suggests that it is not a spurious result, and charting a steady upward or downward
trajectory over time provides stronger evidence of positive or negative selection, respectively
(43, 50, 51). Thus, one can use the criteria above with even more confidence. For example,
time- series data on variant frequencies have been informative about the impact of antiviral-
or immune-mediated “selective sweeps” on HIV diversity in vivo (52). Longitudinal data
can also be used to fit population genetic models of within-host processes. These models
provide estimates of effective population size and mutation rate, critical parameters for
describing the diversification of viral populations in vivo (53-55). Wright-Fisher and

Moran models assume neutrality, and are ideally parameterized using data on synonymous
mutations or other sites known to evolve neutrally. The fact that some sites in viruses are
under strong selection in vivo does not diminish the utility of neutral models. Because

they capture how much diversification can happen due to random processes, they provide

an important null model for testing hypotheses regarding the presence and strength of
selection on a given variant. The difference between the effective population size and

the true population size also highlights the relative importance of genetic drift and other
stochastic forces on evolution in vivo (16, 56).

CASE STUDIES IN WITHIN-HOST DIVERSITY

Influenza, an Acute Infection with an RNA Virus

In humans, influenza A (IAV) and influenza B viruses (IBV) typically cause acute,
self-limited infection of the respiratory tract. In some individuals, the virus can cause a
clinically significant pneumonia, even in the absence of superinfection. While cases of
mixed subtype (i.e., H3N2 and H1N1) and mixed strain (i.e., distinct genotypes) have been
documented, work in animal models and studies of natural human infection suggest that

the infecting population has little genetic diversity, and may be nearly clonal (50, 57). The
virus undergoes explosive replication with peak titers 1-2 days after infection and a steady
decline over the next 5-7 days. Given the virus’ high mutation rate, new variants are rapidly
generated with each cellular infection cycle (27).

Experimental infections of animals with molecularly barcoded viruses suggests that
reassortment is remarkably common in vivo (58). However, the observed rate of
reassortment is low in humans, likely because most reassortment events occur between
viruses that are nearly identical (59).

My laboratory has used NGS to define temporal aspects of influenza virus diversity in

both cross-sectional and longitudinal datasets with samples from a community-based cohort
(44, 50, 60). Using a conservative 2% frequency cut-off, we have found that most 1AV
populations have fewer than 5 SNV, regardless of the day of sampling (44, 50). In more
recent work, we have found that IBV exhibits considerably less diversity within hosts with
fewer SNV and lower pairwise nucleotide diversity (60). Consistent with strong purifying
selection, the vast majority of SNV are present at <10% frequency and the dN/dS ratio

is approximately 0.2 for both 1AV and IBV. Purifying selection has also been clearly
demonstrated in H3 and H1 hemagglutinin sequences from a second community cohort
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(61) and in a study of humans infected with avian H5N1 viruses (49). Sequences from

43 individuals who provided paired samples over a 6 day period indicate that within-host
populations are highly dynamic with the rapid accumulation and elimination of SNV (50).
This pattern of SNV turnover was similar for nonsynonymous and synonymous mutations,
which suggests the influence of genetic drift over natural selection.

While positive selection appears to be a major driver of influenza globally (62-64), it

does not appear to be strong within hosts. Positive selection has been demonstrated most
clearly in the case of oseltamivir-resistance, particularly in immunocompromised hosts (6).
These individuals often experience viral replication beyond the usual 7 day course, which
allows more time for selection to drive newly arising variants to a level where they can

be detected. Consistent with this model, Xue and colleagues identified strong evidence

for positive selection in 4 immunocompromised hosts who were each sampled for over

50 days (48). Several mutations arose independently in multiple patients and a subset
subsequently circulated globally at high frequency. In contrast, antibody-mediated selection
of novel antigenic variants appears to be rare in most acutely infected individuals. Dinis

et al. identified a number of antigenic variants in an observational study, but most were
rare and there was no clear enrichment of SNV in antigenic epitopes (61). My laboratory
also identified little evidence for selection in samples collected from a randomized trial

of influenza vaccines (44). We found that SNV were no more common in antigenic sites
and that diversity was not correlated with vaccination status or preseason antibody titer.
Similarly, recent work suggests that while humans infected with HSN1 can harbor low
frequency, mammalian-adaptive mutations, their spread is limited by purifying selection,
genetic drift, and the relatively short time-scale of most infections (47, 49).

Dengue, an Acute Infection Cycling Through Host and Vector

Dengue fever is an acute systemic infection that is due to one of four serotypes of Dengue
virus, which are vectored by Aedes mosquito species. Following inoculation, the virus
replicates locally and in draining lymph nodes, with an asymptomatic incubation period
of 4-7 days (49a). Symptoms usually coincide with viremia and replication in peripheral
blood mononuclear cells (PBMC). The viremia typically lasts for 4-5 days, and viral
clearance from peripheral tissues follows several days later. Individuals are most infectious
while viremic, as mosquitoes acquire the virus again through a blood meal. The mosquito
phase lasts about 10 days; the virus transits through the midgut then disseminates via the
hemolymph and the fat body to the salivary glands. At this point, the mosquito is able to
transmit the virus again to a naive host. Severe Dengue disease — previously classified as
Dengue hemorrhagic fever or Dengue shock syndrome — typically occurs with secondary
Dengue virus infection with a different serotype (49b).

The within-mosquito dynamics of Dengue virus have been characterized through a number
of elegant experiments in which mosquitoes were fed a blood meal and then dissected for
viral population sequencing (65). Virus populations from the midgut on days 4 and 7 and
the salivary gland on day 14, all exhibited increased diversity (Shannon entropy and )
relative to the blood meal. In all cases, the dN/dS values were between 0.2-0.3, suggestive
of strong purifying selection. An analysis of within-host bottlenecks was performed using
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three synonymous SNV present in the blood meal and midgut samples. While the ingested
blood meal was approximately 3000 infectious units, the founding population of the midgut
was estimated to be just 5-42 genomes. Interestingly, this result closely matches an estimate
obtained for Venezuelan equine encephalitis virus (66). Salivary gland samples showed
occasional consensus level changes relative to the blood meal, but there was no convergence
across mosquitoes. A separate study from the same group also found a lack of evolutionary
convergence (i.e., positive selection) in viral sequences from saliva obtained from mosquito
pools (67). Together, these data indicate that Dengue virus populations undergo one, and
possibly several, bottleneck events in mosquitoes followed by rapid diversification under
purifying selection. This combination of extreme genetic drift and purifying selection has
also been observed in analogous experiments with Culex mosquitoes and West Nile virus
(68, 69).

A large number of studies over the last 20 years have probed the diversity of Dengue viruses
within human hosts. Early work employed Sanger sequencing of cloned amplicons derived
from limited numbers of patients (70, 71). Viral diversity in the envelope was generally

low, but variable across hosts, with a per-sample nucleotide diversity (humber of SNV per
nucleotides sequenced) of 0.10 — 0.84 and pairwise clonal diversity of 0.21-1.67 (70, 72).

A follow-up study found that diversity within the capsid and envelope genes was lower

in mosquitoes than in humans (73). Two larger studies identified similar diversity in 662
and 8458 envelope clones from 16 and 17 individuals, respectively (25, 74). Both found a
within-host dN/dS of approximately 0.6; diversity was lower and the ratio was 0.23 when
unique mutations, which are more likely to be RT-PCR error, were excluded. Two more
recent NGS studies have explored genome-wide diversity using paired and cross-sectional
sampling. Sessions et al. found low diversity in 12 paired samples, with few mutations above
the 1% or 5% frequency thresholds (75). They estimated that SNV accumulate at a rate of
0.002 changes per position per day.

Parameswaran et al. used NGS to identify variants at >1% frequency in 31 plasma and 68
PBMC samples from 77 individuals (43). They found fewer SNV in secondary cases of
Dengue and in the envelope, consistent with immune-mediated constraints. Variants were
identified at marginally higher frequency across hosts in prM/M and NS3, which the authors
suggested were due to immune selection. However, these variants were found to be less fit

in a variety of culture based assays. Together, these data suggest that Dengue is subject to
strong purifying selection in both mosquito and human hosts, with significant genetic drift in
mosquitoes and limited evidence for positive selection in humans.

CMV, a Large dsDNA Virus with Cycles of Latency and Reactivation

While the vast majority of studies of within-host viral diversity have focused on RNA
viruses and retroviruses, recent work has identified significant within-host diversity in
CMV, a large double-stranded DNA virus (11). Cytomegalovirus replicates in mucosal
epithelia and myeloid cells during acute infection and is shed in saliva, breast milk,
and urine. The virus becomes latent in bone marrow myeloid precursors, with varying
levels of reactivation and shedding over an individual’s lifetime. CMV, like many DNA
viruses, has a low mutation rate, but it does exhibit a high level of recombination. The

Annu Rev Virol. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lauring

Page 10

chronicity of the infection and the large population sizes within hosts, with cycles of
reactivation, can lead to significant diversification. In immunocompetent hosts, many CMV
infections are asymptomatic and the primary symptoms — fever, malaise, sore throat — are
fairly nonspecific. As a result, most sampling and sequencing have been performed in
congenitally infected infants or immunocompromised hosts, who experience severe disease
and prolonged shedding. Here, patients have been found to harbor multiple genotypes by
targeted sequencing and/or PCR-typing, e.g., (48, 76).

Given its large genome, studies of CMV genomic diversity have only really been feasible
with NGS. Over the last decade, a number of studies have used either hybridization capture
or long-range PCR to recover sufficient material for sequencing (8). The first systematic
investigation of within-host diversity applied NGS to CMV amplified from the urine of 3
congenitally-infected infants who were sampled within 2 weeks of birth (77). Over 95%

of the genome was covered and SNV were identified relative to a single, sample-specific
consensus. Each sample had greater than 8000 SNV, and >90% were present at a frequency
of less <10%. Pairwise nucleotide diversity was 0.18-0.22%, which is comparable to values
for HIV and many RNA viruses. Targeted Sanger sequencing of four highly variable open
reading frames provided evidence for both mixed infection and for clusters of within-host
genotypes separated by one or two mutations. A much larger study of 84 samples from

43 immunocompromised children and adults also identified high pairwise diversity (78).
Here, the distribution was bimodal, with a significant number of samples with very little
diversity. Phylogenetic analysis and haplotype reconstruction of high-diversity samples from
two individuals suggested that the signal was driven by mixed infection and subsequent
recombination between these genetically distinct strains.

While within-host evolution of CMV is heavily influenced by stochastic events, there

is also evidence for strong selection at specific loci. Renzette et al. explored these

dynamics using serial plasma samples form one infant, serial urine samples from three
infants, and serial urine and plasma samples from one infant (51). There was generally

less viral diversity in urine relative to plasma. Within-host populations were stable in

paired, longitudinal specimens; 88% of SNV had a frequency change of <10%. The
divergence between plasma and urine samples in one infant was similar to the divergence
observed between hosts. A population genetic model suggested that this combination of
within-compartment stability and between-compartment divergence was largely driven by
population bottlenecks, expansions, and splits. Subsequent studies from the same group have
highlighted how within-host diversity in congenitally infected infants is shaped by multiple
reinfection events and subsequent admixture among these often distinct populations (79).
Recombination among homologous and genetically-distinct strains is prominent in CMV-
infected individuals and there is evidence for positive selection of recombinants within hosts
(78, 80). This parallels the prominent role of recombination in CMV genomic evolution over
longer time scales.

WITHIN-HOST DIVERSITY AND VIRAL QUASISPECIES

In the years after Domingo’s pioneering work on phage diversity, Domingo, Holland and
others explored the impact of low replicative fidelity and high diversity on viral evolutionary
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dynamics (81, 82). This body of work led to the development of what is often described as
“viral quasispecies theory.” Here, RNA viruses are best represented as a diverse collection of
mutants — or alternatively as a “quasispecies,” “mutant spectrum,” “swarm,” or “cloud”(82a-
g). More provocatively, it has been proposed that the collection of mutants —not the
individual viruses themselves — is a determinant of viral phenotype and the target of natural
selection. Foundational experimental work in the poliovirus system further suggested that
viral diversity is a determinant of virulence and that rare variants within the quasispecies

are major drivers of pathogenesis in vivo (Figure 4) (4). The validity and explanatory power
of viral quasispecies theory have been much debated in the literature (83-85). Here, | will
focus on the evidence linking within-host diversity to virulence.

Work in experimental systems has clearly established that viral diversity is a correlate of
virulence and attenuation. Both Pfeiffer and Kirkegaard and Vignuzzi et al. discovered that
a poliovirus harboring a single substitution in the polymerase, 3D64S  had a lower mutation
rate and generated populations with reduced genetic diversity (4, 86, 87). Vignuzzi et al.
went on to show that the less diverse 3DS%4S populations were attenuated in a mouse
model of infection (4). Since then, high fidelity variants have been identified in a number
of other viral systems, and when evaluated, a correlation between diversity and virulence

is consistently observed (88-94). However, recent work from my laboratory suggests that
this relationship is confounded by the fact that viral polymerases are subject to a speed-
fidelity trade-off, which means that high fidelity variants also have a significant replication
defect (95-97). We found that 3D64S polioviruses replicated much more slowly than the
corresponding wild type (WT) and used a variety of mutants to uncouple replicative speed
from mutation rate and population diversity. In contrast to earlier models, our work showed
that replicative speed was a determinant of virulence —not population diversity (Figure

4). This same speed-fidelity trade-off has been identified in other RNA viruses and may
confound other studies linking viral mutation rates and population diversity to pathogenesis
(96, 98).

Another issue in relating diversity to virulence is reconciling the relatively small differences
in diversity across virus populations with larger scale differences in infectious outcome.
Much of the early work on viral quasispecies relied on Sanger sequencing of clones to
quantify diversity in vitro and in vivo (4). As detailed above, this approach can be biased
toward rare variants and the levels of diversity are far removed from their biological impact.
For example, Sanger sequencing of the capsid region of WT and 3D%64S populations
identified mutation frequencies of 0.026% and 0.004%, respectively (4). My laboratory

used NGS to show that the differences between WT and 3DG64S were trivial and largely
confined to the fraction of variants present at <0.1% frequency (97). A more recent study of
PB1-V43lI, a putative high-fidelity variant of influenza virus, measured a mutation frequency
of 0.048% for this mutant relative to 0.071% for the WT in vitro; in mice infected with these
viruses, the frequencies were 0.048% for PB1-V43I and 0.082% for the WT (93). While
NGS and multidimensional scaling are able to resolve small differences in the type and level
of diversity across populations, a robust mechanistic framework to explain how variants that
are often present at <1% frequency can substantially influence pathogenesis is lacking (99).
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Finally, the concept of a large and diverse within-host mutant swarm does not fit well with
experimental work in animal models and empiric data from natural infections. Pfeiffer and
colleagues have used barcoded viruses to demonstrate that poliovirus and Coxsackievirus
populations are subject to a series of strong bottlenecks that dramatically reduce viral
diversity in vivo (100-102). Similar results have been obtained in experimental infections
of mosquitoes with barcoded Venezuelan Equine Encephalitis viruses and of mosquitoes
and macaques with barcoded Zika viruses (66, 103). As detailed above, virus populations
in natural infections are subject to frequent bottlenecks, population splits, and transient
expansions and contractions (50, 51). Even though the total number of viruses in a host
may be quite large, these stochastic processes make the population behave as if it is a much
smaller one. Thus, the available data do not seem to be compatible with the existence of an
intact mutant swarm, much less a model in which the composition of the mutant spectrum is
itself optimized by natural selection.

CONCLUSIONS

Advances in sequencing technology have enabled a large number of studies of viral diversity
within naturally-infected hosts. Given the sheer volume of sequence data and multiple
sources for error, attention to quality control and validation is critical. This is particularly
true for studies of natural infections, where inference is entirely based on secondary analyses
of sequence data and follow-up experiments are often not possible. While I have focused
mainly on issues related to single nucleotide variants, the same principles apply to studies of
recombinant haplotypes and defective viral genomes within hosts. Similarly, it is important
to control for sampling bias in comparative studies and to recognize the advantages

and disadvantages of various diversity metrics. The explanatory power of comparative
studies can be improved through serial sampling or by studying virus populations across
carefully selected hosts with appropriate controls. The available data from multiple viral
systems suggests that within-host populations are subject to strong purifying selection and
that most mutations are rare. Changes in variant frequency are often due to stochastic
processes like genetic drift, and there is limited evidence for strong positive selection. These
empiric data stand in contrast to what has been suggested from experimental infections of
laboratory animals and viral quasispecies models. Improvements in sequencing methods,
including molecular barcoding (104, 105), may allow for reliable detection of positively
selected variants, which may be present at lower frequencies. Applied in the appropriate
epidemiological context, these approaches may elucidate phenotypes under selection within
hosts and how within-host processes relate to larger-scale viral dynamics.
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Figurel.

Within-host diversity and virus evolution. (a) Advances in sequencing technology have
revolutionized the study of within-host viral diversity. The type and frequency of mutations
(red letters) in a population are easily obtained from NGS (b) Viral diversity can be
measured and compared using a variety of metrics. Ideally, these metrics capture the
varying impact of mutations present at high (blue bars) vs. low (yellow bars) frequency.

(c) Differences in diversity across tissues (top, different colored viruses) or changes over
time (bottom) can be used to model within-host viral dynamics due to selection and genetic
drift. (d) Studies of within-host viral diversity have provided insights into the evolution of
influenza virus, Dengue virus, and cytomegalovirus and the extent to which within-host
virus populations can be accurately described as “quasispecies” or “mutant clouds.”
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Viral sequencing and diversity metrics. (a) Due to the negative impact of most mutations, the
vast majority of sequence variants are relatively rare. The sensitivity and specificity of NGS
for rare variant detection is highly dependent on the number of genomes sequenced and
largely independent of read depth. Sensitivity drops at lower inputs, because rare variants
can only be detected if the population is completely sampled. Smaller populations require
more amplification, which propagates RT-PCR error. As a result, variants identified in low
input populations are more likely to be false positives than true positives. (b) The diversity
of two populations (different color viruses) expressed as richness, the number of variants

or genotypes; evenness, the relative abundances of each variant in the population; and the
site frequency spectrum, the numbers of different mutants and their respective frequencies.
Both have a richness of 10 genotypes. The even population has equal numbers (n=4) of each
genotype, and the 10 genotypes are present at a frequency of 0.1 (grey bars). The uneven
population has the same 10 genotypes, but one is present at a frequency of 0.5 (black), one at
0.1 (red), and one at 0.05 (blue). The rest are singletons (summed as grey bars). (¢) Shannon
entropy at sites across a hypothetical 10 kilobase viral genome for two populations. In the
genome, the noncoding regions are represented as lines and two different reading frames on
the coding region are represented as boxes. The Shannon entropy at polymorphic sites for
the two populations are shown as red and blue bars. Nonpolymorphic sites have an entropy

of zero.
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Using within-host data to elucidate evolutionary dynamics. (a) The frequency of a mutation
can increase or decrease due to selective and nonselective processes. Positive selection will
increase the frequency of a beneficial mutation (e.g., a mutation that leads to antibody
escape) and will decrease the frequency of a detrimental mutation (e.g., a surface protein
mutant that can no longer bind its receptor). A neutral mutation (blue) can increase in
frequency if it is linked to a beneficial mutation on the same genome (hitchhiking) or
decrease in frequency if it is linked to a detrimental one (background selection). Genetic
drift is a change in a mutation’s frequency due to stochastic processes. It typically occurs
in small populations due to random sampling. Genetic drift also occurs during population

bottlenecks or splits followed by expansions. (b) Criteria for identifying within-host variants
potentially under positive selection. From left to right: enrichment of high frequency
variants in viral proteins or certain protein domains, shown here as nonsynonymous single
nucleotide variants (SNV) in antigenic sites (red) modeled on the structure of the influenza
hemagglutinin trimer; identification of a variant already known to mediate a certain
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phenotype, such as antibody escape or receptor binding; identification of the same mutation
in multiple individual hosts not linked by transmission; identification of a within-host variant
that is subsequently seen in different host populations or at different evolutionary scales.
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Figure4.
Quasispecies diversity and virulence. (a) Diverse RNA virus populations are often referred

to as quasispecies, mutant swarms, or mutant clouds. According to viral quasispecies theory,
diversity is a determinant of viral phenotype and virulence. Here, high mutation rates lead to
a diverse population, and the mutant spectrum is optimized by natural selection.
Maintenance of a diverse population within hosts enables rapid adaptation and ultimately
virulence. (b) An alternative model. Recent work from my laboratory suggests that the
evolution of RNA dependent RNA polymerases is shaped by a speed-fidelity trade-off.
Selection favors faster polymerases and faster polymerases are inherently more error-prone.
Faster replication also leads to more rapid within-host spread and increased virulence.
Empiric data across viral systems demonstrates that within-host diversity is rapidly lost or
partitioned due to purifying selection, bottlenecks, and population splits. Thus, within-host
diversity is neither maintained nor optimized by selection.
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