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Abstract: The changes occurring in viral quasispecies populations during infection have been monitored
using diversity indices, nucleotide diversity, and several other indices to summarize the quasispecies
structure in a single value. In this study, we present a method to partition quasispecies haplotypes
into four fractions according to their fitness: the master haplotype, rare haplotypes at two levels (those
present at <0.1%, and those at 0.1–1%), and a fourth fraction that we term emerging haplotypes, present
at frequencies >1%, but less than that of the master haplotype. We propose that by determining the
changes occurring in the volume of the four quasispecies fitness fractions together with those of the Hill
number profile we will be able to visualize and analyze the molecular changes in the composition of a
quasispecies with time. To develop this concept, we used three data sets: a technical clone of the complete
SARS-CoV-2 spike gene, a subset of data previously used in a study of rare haplotypes, and data from a
clinical follow-up study of a patient chronically infected with HEV and treated with ribavirin. The viral
response to ribavirin mutagenic treatment was selection of a rich set of synonymous haplotypes. The
mutation spectrum was very complex at the nucleotide level, but at the protein (phenotypic/functional)
level the pattern differed, showing a highly prevalent master phenotype. We discuss the putative
implications of this observation in relation to mutagenic antiviral treatment.
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1. Introduction

Viral quasispecies [1] are intrinsically dynamic entities, with new genomes (haplo-
types) being created during each replication cycle, mainly produced by the activity of an
error-prone viral polymerase. The fate of each genome depends on its fitness [2]; that is,
its capacity for replication in competition with other genomes in the quasispecies within
the current environment. At a given time, the approximate fitness of a viral genome in
a specific sample can be inferred from its frequency in the quasispecies [3,4]. That is, by
the relative number of molecules belonging to the genome at that time point expressed
as a fraction of the total. These frequencies can be considered a summary of the current
molecular state of the quasispecies. The information gained by monitoring the molecular
status of a viral quasispecies in an infection is particularly useful for following the viral
response to a monoclonal antibody [5,6] or mutagenic agent [7,8]. Changes in the haplotype
frequencies indicate the type of effects produced.

To characterize a viral quasispecies, we had to find an optimal balance between an
analysis with high final coverage of shorter genomic fragments or with lower final coverage
of larger fragments. The emergence of single-molecule real-time (SMRT) sequencing has
opened the possibility to sequence large fragments, including entire viral genomes, in a
single read as has been reported in influenza virus [9], hepatitis C virus [10], and human
immunodeficiency virus [11]. However, SMRT technology typically has lower coverage
(maximum 4M reads per run) and higher error rates than Illumina techniques [12,13].
SMRT is proven to have great value for assembling genomes [14] but requires further
development to be useful for quasispecies analysis. For the present study, we needed very
extensive final coverage (≥105 reads) to limit potential bias caused by a small sample size [3].
Hence, we used the MiSeq Illumina instrument, which enables analysis of amplicons in
a size range of 300–500 base pairs (bp) at very high final depth and with acceptable error
levels. The methods we propose are independent of the sequencing platform used. The
only requirement is to have a set of high-quality haplotypes with their frequencies in the
quasispecies. For this purpose, the sequencing data obtained here were treated to preserve
the integrity of an amplicon’s full-length reads; reads were either accepted or refused
attending to their quality; however, they were never trimmed, except for the primers. Thus,
the term haplotype used here refers to amplicon haplotypes, not to viral haplotypes, and the
analyses are done amplicon-to-amplicon or on a single amplicon.

In a previous publication [7], we introduced the term rare haplotype load (RHL) in the context
of a controlled experiment with HCV-infected hepatocytes treated with two mutagenic agents,
the nucleoside analogues ribavirin (1-β-D-ribofuranosyl-1-H-1,2,4-triazole-3-carboxamide) and
favipiravir (T-705; 6-fluoro-3-hydroxy-2-pirazinecarboxamide), and one inhibitor, sofosbu-
vir (isopropyl (2S)-2-[[[(2R,3R,4R,5R)-5-(2,4-dioxopyrimidin-1-yl)-4-fluoro-3-hydroxy-4-methyl-
tetrahydrofuran-2-yl]methoxy-phenoxy-phosphoryl]amino]propanoate) [7]. The RHL refers
to the fraction of genomic molecules in the quasispecies representing low- to very low-fitness
haplotypes, and it was used as a biomarker of mutagenesis. In this study, we extend the
concept of quasispecies partitioning according to their fitness (frequency within the population)
into four fractions or haplotype categories: the master or dominant haplotype (present at the
highest frequency within the quasispecies); the RHL divided into two levels, haplotypes present
at less than 0.1% and haplotypes present from 0.1% to 1%; and a fourth category including
emerging haplotypes, defined as those present at frequencies below the master value and above
1%. Emerging haplotypes are considered to have the potential to proliferate, attain higher
frequencies, and possibly overtake the current master.

Here, we propose to represent quasispecies evolution as the changes observed in the
volume (fraction of molecules) of the four quasispecies fitness fractions (QFF) combined
with the Hill number profile (HNP) [15], which quantifies the effective number of haplo-
types. This combination provides a means to visualize and analyze molecular changes in
the composition of a quasispecies over time. Three data sets were used for this purpose:
(1) a technical clone of the complete SARS-CoV-2 spike gene [16], sequenced using 12 over-
lapping amplicons; (2) a subset of data previously used in a study of the RHL as a marker of
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lethal mutagenesis [7]; and (3) data from a clinical follow-up study of a patient chronically
infected with hepatitis E virus (HEV) and treated with ribavirin (RBV), reported here for
the first time.

2. Results

The technical clone is the simplest example (Figure 1). Despite its name, the com-
mercial product carries multiple errors (although at low levels) due to the chemical yield
at each synthesis step, which by definition never reaches 100% [17]. The errors observed
include mainly deletions, which in the present case were bioinformatically corrected, but
there were also some point mutations, possibly carry-overs from previous synthesis steps,
which were left as they were. Some of these errors might also have been caused during
the PCR amplification or sequencing steps. In Figure 1A, the QFF plot shows the <0.1%
fraction which has a median of 0.11 (interquartile range [IQR] 0.02), the 0.1% to 1% fraction
with a median of 0.011 (IQR 0.0058), no emerging haplotypes, and the master haplotype
with a median of 0.876 (IQR 0.023). The HNP (Figure 1B) curve shows a steep decrease
from q = 0 to q = 1. The curves remain asymptotically flat from q = 1.5 onwards, and there
is only a small difference from q = 3 to q = ∞.
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Figure 1. Quasispecies fitness fractions (A) and Hill number profile (HNP) plots (B) for a SARS-CoV-2
technical clone. The labels on the right of the HNP are sorted top-down in decreasing order of
Hill number at q = 2; the ARTIC amplicon nomenclature is used (A71 to A84). Pct1 low fitness
(0.1 < Freq ≤ 1%), pct0.1 very low fitness (Freq≤ 0.1%). Each bar or curve corresponds to an amplicon
of the S gene. Bootstrap values are represented. Coverage range: 51,102–299,349 reads; median
76,954 reads.

The controlled experiment with cultured HCV-infected human hepatoma cells treated
with mutagens or inhibitors yielded richer plots (Figure 2A), which are characteristic of
the effects of treatment. The median QFF and IQR values of the three amplicons for each
fraction and under each condition are given in Table 1. Inhibitor treatment resulted in
lower fractions of emerging haplotypes and RHL haplotypes with respect to the control,
as well as higher master frequencies. In contrast, mutagen exposure yielded higher RHL
fractions and a depressed master relative to the control. In Figure 2B, the HNP is shown
with labels sorted top-down in decreasing order of Hill number at q = 2. As the lower
QFFs increase in volume and the master volume decreases, the curves remain at higher
levels, and show a larger difference between q = 3 and q = ∞. Some curves cross over
each other. This generally happens when there is one quasispecies with a large number of
haplotypes having limited diversity in the frequencies, and a second with a smaller number
of haplotypes but with higher diversity in the frequencies.
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Figure 2. QFF (A) and HNP (B) plots for the HCV dataset. The labels on the right of the HNP
are sorted top-down in decreasing order of Hill number at q = 2. Ctl control; FPV favipiravir;
RBV ribavirin; SOF sofosbuvir. A1 to A3 refer to the amplicons analyzed. Pct1 low fitness
(0.1 < Freq ≤ 1%), pct0.1 very low fitness (≤0.1%). Bootstrap values are represented. Coverage
range 48,057–335,535 reads; median 206,354 reads.

Table 1. Median (Interquartile range) values of each fraction by treatment condition over the
three amplicons.

Master Emerging RHL_1_0.1 RHL_0.1

Control 0.436 (0.0030) 0.283 (0.0566) 0.085 (0.0232) 0.197 (0.0304)
FPV 0.184 (0.0541) 0.298 (0.111) 0.186 (0.0453) 0.290 (0.0519)
RBV 0.211 (0.0235) 0.331 (0.0586) 0.160 (0.0404) 0.293 (0.0366)
SOF 0.680 (0.0403) 0.081 (0.0577) 0.064 (0.0142) 0.158 (0.0348)

The changes occurring in the viral quasispecies following sequential RBV adminis-
tration in the clinical case of HEV infection are shown in Figure 3A. In the first sample
(baseline), analyzed on day 5 after the diagnosis (23 May 2018), the viral quasispecies
already had a high burden of rare haplotypes at both <0.1% and 0.1–1%, with the master
haplotype at <50%. The first mutagenic treatment (RBV 600mg) increased the RHL while
reducing the master haplotype. Treatment was stopped on day 158 following the diag-
nosis, and 28 days later (20 November 2018), the master haplotype predominated in the
quasispecies, but at a low viral load (3 logs).

Two months later (245 days since diagnosis, 18 January 2019), in the absence of
treatment, the quasispecies had diversified to a higher level than was seen at baseline,
with the 0.1% RHL reaching 50%. Nine months later (502 days since diagnosis, 2 October
2019), the viral load had increased to more than six logarithms, and a larger RBV dose
(800mg) was prescribed. One month later (530 days since diagnosis, 30 October 2019),
the quasispecies showed a structure very similar to that of the previous analysis in QFF
terms, but the viral load had decreased by 2 logs. Suddenly, one month later (558 days
since diagnosis, 27 November 2019) while the patient was still under treatment, the master
sequence recovered to >50%, and remained at the same level for an additional 20 days
(day 579 since diagnosis, 18 December 2019), whereas the viral load decreased to 2 logs.
Three months later (670 days since diagnosis, 18 March 2020), the volume of emerging
haplotypes had increased while the master haplotype showed a >50% decline with respect
to the previous time point, with slightly higher viral loads. This structure was maintained
for another month, at similar viral loads. Finally, one month later (733 days since diagnosis,



Int. J. Mol. Sci. 2022, 23, 14654 5 of 17

20 May 2020), when the master haplotype had further declined to <10%, treatment had
to be stopped. One year later (1111 days since diagnosis, 2 June 2021), in the absence of
treatment, the master haplotype was present at 3.6%, the emerging volume was 7.9%, and
>88.5% of the quasispecies was comprised of haplotypes with frequencies < 1%. The HNP
(Figure 3B) shows how the Hill numbers, at selected q values, changed over time.
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Figure 3. QFF (A) and HNP (B) plots for the HEV patient follow-up. The HNP is plotted here as
cross-sections of the profile at given q values. Each line corresponds to a q value; the lines show
how this value changes over time. Bootstrap values are represented. On the x-axis, days since the
diagnosis for each sample. Coverage range: 53,307–503,770 reads; median 328,271 reads.

The UPGMA tree of the master sequences of all samples (Figure 4A) shows that the
same master haplotype was maintained from the time of the diagnosis up to 530 days later
(30 October 2019). From then on, the master differed at each time point except the last one
(1111 days since diagnosis, 2 June 2021) when the master was the same as the sample at
670 days (18 March 2020). The UPGMA tree (Figure 4B) resulting from the Da population
distances based on the top 50 haplotypes in each sample, displays a similar structure.
The samples at 558 and 579 days since diagnosis (27 November 2019 and 18 December
2019) show a divergence in the structure and in the master sequence. These correspond
to the lowest viral loads in the follow-up, with the master sequence predominating in
the quasispecies.
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To understand why the profile of the last sample (1111 days since diagnosis, 2 June
2021), analyzed after one year with no treatment, showed a highly mutagenized quasis-
pecies, the nucleotide haplotypes were translated to amino acids and recollapsed to obtain
amino acid haplotypes (phenotypes) with their corresponding frequencies (Figure 5A,B).
The last sample (1111 days since diagnosis, 2 June 2021) shows a master phenotype ac-
counting for >80.9% of the molecules. The master phenotype clearly predominated in the
quasispecies along treatment, except in two samples (at end of treatment with RBV 800 mg
and during treatment with RBV 1000 mg), where there was a change in the predominant
amino acid sequence (Figure S1a). At the other time points, the same master sequence
predominated in the quasispecies. These findings indicate that although a quasispecies can
have a highly mutated spectrum at the nucleotide level, it may remain almost unchanged
at the amino acid level, suggesting that functionality is at least transiently maintained
(Figures S1a,b and S2).
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The number of synonymous haplotypes corresponding to the master phenotype
steeply increased after the treatment discontinuations (Figure 6). That is, the various
haplotypes identical to the master phenotype generated during treatment were able to
easily increase in frequency when it was stopped, as they all had highest functional fitness.
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A UPGMA tree of master phenotypes based on their Grantham amino acid distances,
and a quasispecies tree based on Da population distances were constructed using the
top 20 most frequent phenotypes in each sample (Supplementary Figures S1a,b and S2).
Apparently, viral treatment led to production of a rich set of haplotypes synonymous to the
master phenotype, all with equal or comparable fitness, which proliferated when treatment
was discontinued. This was evidenced by the decline in the master haplotype volume and
the increase in emerging haplotypes synonymous to the master. As a whole, the resulting
quasispecies might be more resistant to further mutagenic treatment and better fit to its
current environment. A large number of highly fit haplotypes could correspond to a large
number of molecular pathways to escape a treatment.

A final illustration of this conclusion is provided in Supplementary Figures S3 and S4,
where Montserrat plots depict the distribution of the 1000 most abundant haplotypes and
all phenotypes in the last sample (1111 days since diagnosis, 2 June 2020). In Montserrat
plots, haplotypes are sorted by number of substitutions with respect to the master first, and
by decreasing order of abundance second [18]. Each successive peak represents additional
differences with respect to the master. In correspondence, Supplementary Figure S5 shows
the mean number of differences with respect to the master haplotype/phenotype per
read, at both the nucleotide level (substitution load) and amino acid level (mutation load).
Notably, the ratio of the nucleotide substitution load to the amino acid mutation load was
13.31 in the last sample (one year without treatment), only 1.24 in the baseline sample,
shortly after diagnosis, and 6.57 when the last treatment was discontinued. In addition,
the mutation load (amino acid level) in the last sample was the lowest value in the series,
despite the highly diverse quasispecies.

3. Discussion

The presence of a broad repertoire of genomes in the mutant spectra of RNA viruses
represents a challenge for annotating and describing the genomes and the neighbor relation-
ships among them. Several procedures have been developed to rank subgroups of related
sequences within mutant spectra [19–23]. Alternative approaches have monitored mutant
spectrum composition and diversification through quantification of diversity indices [4,24]
and haplotype mapping using two-dimensional neural networks [25,26].

In our previous studies we introduced a number of new diversity indices, which,
when adequately combined, provided information on both the abundance and divergence
of haplotypes within a viral population [4]. In the present report, we have gone one step
further, creating a procedure to divide a quasispecies population into four fractions using a
fitness partition (QFF). The advantages of this approach include better statistical properties
than most diversity indices and inclusion of the biological features of the population. The
QFF procedure goes beyond a previous proposal restricted to the two fractions at lowest
frequency in the mutant ensemble [7]. In addition, we used the Hill number profile [15] to
provide a complementary view of the quasispecies structure. The profile is an enriched
summary that assigns increasing weights to the haplotype frequencies in the quasispecies
as the order q increases. In addition, the units provided (number of equally fit haplotypes)
contribute to the interpretation of the results.

Bootstrapping provided an efficient down-sampling of mutant distributions in the
quasispecies samples to the minimum coverage, thereby allowing comparisons regardless
of the sample size. Hill numbers of orders below two are highly dependent on sample
size and must be corrected. However, it is advisable to correct all diversity values. QFF
is compatible with other ranking procedures used to study quasispecies, as the proposed
fractioning can be applied to genome subsets obtained by other means. In particular,
it can be a useful complement to self-organized fitness maps based on artificial neural
networks [26]. It may also provide support to precisely define the SARS-CoV-2 mutant
spectra which, according to recent results, are populated by a large proportion of low-
frequency haplotypes [27,28].
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The rationale behind the QFF definition and its main contribution to quasispecies
analysis resides in the biological meaning of each fraction. Observation of a significant
fraction of molecules corresponding to very low fitness haplotypes is only consistent with
the presence of a mechanism that can generate mutants at a high rate, but cannot increase
their frequency relative to competing genomes. Furthermore, concerning the response of
HEV to RBV, the course of any treatment giving rise to resistant variants is only consistent
with a decline in volume of the master haplotype together with a parallel increase in
emerging haplotypes.

We used both the QFF and HNP to visualize and analyze two simple case models:
the first, a SARS-CoV-2 technical clone, and the second, populations from a controlled
experiment in which a clonal HCV population was serially passaged in cultured human
hepatoma Huh-7.5 cells. These two datasets were used to demonstrate the capability of the
proposed QFF/HNP combined method. Finally, the procedure was applied to a complex
clinical case: follow-up of an HEV-infected patient treated with various RBV doses with
two discontinuations, to illustrate its performance for clinical purposes. As this is a single
example, the discussion provided for this case should be considered explanatory of how
the information obtained with the QFF procedure can be of clinical value.

Lethal mutagenesis is a useful antiviral approach that consists of driving viral genomes
to extinction—pushing the virus to cross the error catastrophe threshold by increasing
the viral mutation rate above the maximum level compatible with infectivity—without
mutagenizing the host cells [29–31]. A recent example of successful application of lethal
mutagenesis is the use of molnupiravir against COVID-19 [32]. Several other cases have
been reviewed [8]. Currently, no specific drugs have been approved for HEV infection; RBV
is the main option as an off-label drug. RBV is a broad-spectrum mutagenic agent [33–35]
that can increase mutation rates and result in extinction of the virus by lethal mutagen-
esis [36]. However, during RBV treatment, a reduction in the effective antiviral dose by
low adherence or early treatment interruption can allow residual viral replication and
production of rescue variants with decreased RBV sensitivity or altered replication fit-
ness [37–39]. This could lead to selection of mutations resistant to RBV and the appearance
of resistant variants.

In our study, deep-sequencing of samples from an HEV-infected patient receiving
RBV treatment showed that the mutagenic agent led to a reduction in the most highly
represented sequence (master) at the nucleotide level, together with a significant increase
in the number of rare haplotypes, findings in agreement with a mutagenic effect of RBV on
this virus. When the first round of RBV treatment (600 mg) was stopped, HEV relapsed,
showing an increase in viral load and re-acquisition of the master sequence that had
predominated before treatment was started. In the second and third rounds of RBV
treatment, with increases in the drug concentration to 800 mg and 1000 mg and evidence
of good adherence to therapy, the viral load remained unchanged and even increased,
while the master sequence decreased once again. Notably, after stopping 1000 mg RBV
treatment, the frequency of the master genome declined even further despite a three-log
viral load increase.

However, when we examined the quasispecies at the protein (phenotypic/functional)
level, the pattern drastically changed, showing a highly predominant master phenotype,
despite the complexity of the mutation spectrum observed at the nucleotide level. On
stopping treatment, the synonymous variants generated had the same replication capacity
as the original master genome and were able to proliferate, leading to a high diversity of
genomes that could all express the same phenotype. The reason why the dynamics of the
mutant spectrum involved haplotypes with silent mutations is unknown. Furthermore, we
cannot exclude that some of the variants produced might have had lower sensitivity to
RBV. Both these reasons; a large reservoir of functional genomes and decreased sensitivity
to treatment could explain the viral load increase in the presence of a high dose of mutagen.
Failures in HEV RBV treatment have been described, but detection of RBV-resistant muta-
tions requires sequencing the full HEV genome [38–40]. In our case, we assumed that the
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effects of RBV on the sequenced amplicon would be similar to the impact on the remainder
of the genome, as the virus cannot drive the mutagenic effects. Future approaches using
the new SMRT circular consensus sequencing technology may provide further support of
this amplicon to genome relationship.

The mutagenic effect of RBV on HEV could lead to viral extinction, but it also involves
a risk of accumulating advantageous mutations and selecting fitness-enhancing ones [36].
In our study, while the patient was receiving antiviral treatment, a number of synony-
mous haplotypes were produced, which as a whole seemed to be stronger against further
treatment and improved accommodation of the quasispecies to its current environment.
The findings from our patient suggest that mutagenic antiviral therapy should ideally be
combined with other antivirals. When this is not possible, as in HEV infection, treatment
should be maintained, even after serum RNA tests negative, to avoid relapses which could
lead to selection of fitness-enhancing mutations and treatment failure.

The QFF approach, although simple and straightforward, has some technical limi-
tations, mainly due to the current state of high-throughput sequencing technology. The
sequence length and error level are two aspects that limit each other. We can sequence
amplicons up to slightly more than 500 bp in length with an acceptable error level using
paired-end technology, but we cannot sequence full-length viral genomes of a few thousand
base pairs at high depth (104–105) with low error levels and high coverage. In this study,
we used amplicons larger than 300 bp and assumed that either the amplicon underwent
effects similar to those that would occur in the whole genome, or that the amplicon was
the target to study. Another limitation relates to a factor observed in all -omics, where the
experimental design is of the utmost importance to avoid bias. Even in balanced designs,
batch effects should be taken into account. In our case, we were not interested in a de-
tailed account of point mutations and indels; rather, we aimed to provide a picture of the
macroscopic structure of a quasispecies. This information is of value, as high-resolution
deep sequencing unveils myriads of low frequency mutations that should correspond
to an extensive repertoire of minority genomes [28]. In providing this general view, we
can accept a certain presence of artifactual haplotypes, provided that all samples in the
experiment show the same noise level, hence the need for an accurate experimental design.
Filtering above the error level to avoid all artifacts would involve a considerable loss of
information and jeopardize the type of analysis we are proposing. The impact of filtering
all haplotypes below 0.1% or 1% on the total reads number, that is the information loss, can
be seen in Figures 1–3. Nevertheless, low-level filters of very few reads per haplotype (e.g.,
1–10 reads at 1 × 105 coverage) will have an impact on the number of haplotypes—that is,
on the Hill numbers of low order (<1.5)—but will have a minimum effect on the number of
reads. It could be helpful to perform a sensitivity analysis of the various diversity indices
used with respect to this threshold. These limitations and warnings are equally applicable
to any quasispecies study, whatever the indices or variables used, and are not exclusive to
the methods proposed here.

We propose a simple method for monitoring the changes occurring in a quasispecies
at the molecular level, involving fitness fractions and the Hill number profile. This com-
bined method, which provides an easily interpretable visualization of quasispecies evolu-
tion in viral terms, was applied to two simple cases as a demonstration, and to samples
from an RBV-treated HEV patient to illustrate its clinical value. The method is based
on bioinformatic treatment of sequencing data to obtain a set of high-quality amplicon
haplotypes with their corresponding frequencies to represent the quasispecies structure.
Use of next-generation sequencing technology in combination with a good experimental
design provides exceptional opportunities to study complex quasispecies and follow their
evolution at the molecular level, in both research laboratories and clinical settings.
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4. Materials and Methods
4.1. Samples

Two datasets were used to develop quasispecies molecular characterization with QFFs
and the HNP:

• A technical clone of the SARS-CoV-2 S gene (Twist Synthetic SARS-CoV-2 RNA Con-
trol 2 MN908947.3, TWIST Biosciences, South San Francisco, CA, USA) sequenced in
12 amplicons [17]. Commercial Twist Synthetic SARS-CoV-2 RNA controls consist of
six non-overlapping 5-Kb fragments generated from in vitro transcription of gene frag-
ments. The synthetic controls were diluted at 1:10 to a concentration of 1 × 105 copies
per microliter, PCR-amplified following the Sub-ARTIC v3 protocol [41] using a set of
28 primers (A71 to A84) covering the full S gene, and sequenced on a MiSeq Illumina
system [42]. The haplotypes and corresponding frequencies in this analysis included
all haplotypes common to both DNA strands after a previous filter at 2 reads. That is,
at a minimum of 2 + 2 reads.

• Three HCV amplicons from samples taken from a controlled experiment, in which
HCV-infected human hepatoma cells were observed in the presence or absence of RBV,
favipiravir, or sofosbuvir [43,44]. Briefly, HCV p0 was the parental viral population
obtained by electroporation of a transcript of plasmid Jc1FLAG2(p7-nsGluc2A) (a
chimera of J6 and JFH-1, genotype 2a) [45] into Huh-7.5-Lunet cells and amplification
in Huh-7.5 cells [46]. HCV p100 resulted from passaging the HCV p0 population
100 times in Huh-7.5 reporter cells [47]. HCV p100 was subsequently passaged 10 ad-
ditional times in the presence of favipiravir (T-705) (Atomax Chemicals Co., Ltd.,
Shenzhen, China), RBV (Sigma, Kawasaki, Japan), or sofosbuvir. Drug concentrations
were adjusted to produce comparable inhibition of HCV p0 progeny production. The
amplicons sequenced covered the following HCV genomic regions: A1, spanning
genomic residues 7626 to 7962; A2, residues 7941 to 8257; and A3, residues 8229 to 8653.
The haplotypes and corresponding frequencies in this analysis included all haplotypes
common to both strands, with no previous abundance filter; that is, a minimum of
1 + 1 reads.

In addition, we describe the quasispecies findings from the clinical follow-up case of
a 27-year-old patient who acquired chronic HEV infection after undergoing two kidney
transplantations. The patient received three different RBV regimens (Table 2). First, 600 mg
per day for 3 months, which led to a significant reduction in viral load without achieving
undetectable HEV RNA. Treatment was stopped. The patient relapsed, and a second
treatment with RBV 800 mg daily was prescribed, with a new reduction in HEV levels. At
month 5, RBV dosage was increased to 1000 mg daily for two additional months. Treatment
was discontinued because of a lack of antiviral response, and viral load jumped three logs
at 10 days after stopping treatment. A single amplicon covering genomic positions 6323 to
6734 on the ORF2 region was sequenced. The haplotypes and corresponding frequencies in
this analysis included all haplotypes common to both DNA strands after a previous filter
at 2 reads. That is, a minimum of 2 + 2 reads.

Table 2. Follow-up data, with dates and intervals, viral loads expressed as logarithms, and clinical
observations. EOT, end of treatment.

Date
(Y-M-D)

Interval
(Days)

Days Since
Diagnosis Sample ID LogVL Observations

2018-05-18 0 0 5.91 Diagnosis
2018-05-23 5 5 S01 5.87
2018-07-31 69 74 S03 4.60 Ribavirin 600 mg
2018-08-28 28 102 S04 4.60
2018-10-23 56 158 1.54 EOT
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Table 2. Cont.

Date
(Y-M-D)

Interval
(Days)

Days Since
Diagnosis Sample ID LogVL Observations

2018-11-20 28 186 S06 3.04 Relapse
2019-01-18 59 245 S08 5.18
2019-10-02 257 502 S10 6.43 Ribavirin 800 mg
2019-10-30 28 530 S12 4.62
2019-11-27 28 558 S14 3.18
2019-12-18 21 579 S16 2.04
2020-03-18 91 670 S17 3.04 Ribavirin 1000 mg
2020-04-20 33 703 S18 3.40
2020-05-20 30 733 S20 3.68 EOT
2020-06-17 28 761 4.45 Relapse
2021-06-02 350 1111 S24 6.28

4.2. Processing the Sequencing Data

The aim of the sequencing data treatment was to discard error-bearing reads while
preserving full-length read integrity, so that haplotypes that completely cover the ampli-
con with their respective frequencies were incorporated. The steps in this process are
the following:

• Obtain Fastq files with Illumina 2 × 300-bp paired-end reads;
• Recover full amplicon reads with FLASH [48] (min. 20-bp overlap, max. 10% mis-

matches). The 300-bp reads, when overlapped, result in reads covering complete
~400–500 bp amplicons;

• Remove full reads with 5% or more bases below a Phred score of Q30;
• Demultiplex and trim primers (max three differences accepted);
• Collapse reads (molecules) to haplotypes (amplicon-genomes) and their frequencies.

The frequencies were calculated per haplotype of each amplicon;
• In certain cases, remove all haplotypes below a fixed frequency threshold;
• Remove all haplotypes that are not common to both DNA strands.

The final obtained haplotypes and their frequencies were the basis for all
further calculations.

The SARS-CoV2 dataset consists of 12 amplicons (min 330 bp, max 368 bp, median
340 bp). The HCV dataset consists of three amplicons (312, 318, and 423 bp). Finally, the
HEV study is based on single 363-bp amplicons (Supplementary Table S1). The amplicon
sizes provided are the final result after primer trimming.

4.3. Quasispecies Fitness Partitions

At a given time, a quasispecies is usually comprised of a highly predominant haplo-
type, a few low- to medium-frequency genomes, various rare haplotypes with very low
fitness but still able to replicate to some level, and some defective genomes unable to
replicate. This composition can be modeled using the set of frequencies of all haplotypes as
parameters of a multinomial distribution (Equation (1)),

Π = {p1, p2, . . . , pn}with
n

∑
i

pi = 1 (1)

where p1, p2, . . . , pn represent the various haplotypes, arranged in order of decreasing
frequency. The parameters, pi, are sorted in decreasing order without a loss of generality. In
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this way, the quasispecies can be partitioned into fractions limited by frequency thresholds
of interest, as in Equation (2), where a partition into four fractions is illustrated,

Π1 = {p1, p2, . . . , pk}, ∀pi : pi ≥ pk
Π2 = {pk+1, pk+2, . . . , pl}, ∀pi : pl ≤ pi < pk
Π3 = {pl+1, pl+2, . . . , pm}, ∀pi : pm ≤ pi < pl

Π4 = {pm+1, pm+2, . . . , pn}, ∀pi : pn ≤ pi < pm

p′1 =
k

∑
i

pi; p′2 =
l

∑
k+1

pi; p′3 =
m

∑
l+1

pi; p′4 =
n

∑
m+1

pi; with
4

∑
i=1

p′ i = 1

(2)

and where, p′1, p′2, p′3, and p′4 represent the four fractions.
In the typical quasispecies structure mentioned above, the four fractions can be defined

as follows:

• Master: the fraction of molecules belonging to the most frequent haplotype; that is,
the one present at the highest percentage (p′1 = p1);

• Emerging: the fraction of molecules present at a frequency > 0.1% and less than
the master percentage, belonging to haplotypes that are able to compete with the
predominant one and possibly replace it (p′2);

• Low fitness: the fraction of molecules present at frequencies from 1% to 0.1%, belonging
to haplotypes that have a low probability of progressing to higher frequencies (p′3);

• Very low fitness: the fraction of molecules present at frequencies < 0.1% belonging to
haplotypes with very low fitness and to defective genomes. The likely fate of these
molecules individually is degradation, but the fraction is continuously fed with new very
low fitness genomes produced by replication errors or by host editing activities (p′4).

The evolutionary trends occurring in a viral quasispecies can be characterized by
determining the changes that take place in the molecular volume of these fractions as a
function of time.

The coefficient of variation (CV) of a proportion, p, for a given sample size, N (i.e.,
the standard deviation expressed in expected value units), is given in Equation (3). When
the proportion is very small, it can be approximated by calculating the square root of the
inverse of the product of the sample size multiplied by the proportion, as in Equation (4),

CV
[ x

N

]
= CV(p, N) =

sd(p, N)

p
=

√
(1− p)

Np
(3)

CV(p, N) ≈
√

1
Np

(4)

where x is the observed count, N is the sample size, and p is the observed proportion. In
the experiments described in this study, the coverage (sample size, N) ranged from 104 to
106, with the average larger than 1 × 105, and our aim was to observe haplotypes present
in very low proportions (p); that is, <0.1% (<×10−3). Individually, haplotypes considered
to have very low fitness will show a high CV, which means that some of them can be easily
overlooked in a single sample. Nevertheless, when grouped together, as is seen in the above
partition (the p′ in Equation (2)), they amount to a much higher proportion than when
counted individually and become more statistically stable. Thus, the fraction of molecules
in the quasispecies belonging to haplotypes having very low fitness, p′4, becomes more
stable to sampling and less dependent on the sample size [7] than any single haplotype at
these frequencies.
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4.4. Hill Numbers

In addition to the partition described above, we can determine the diversity profile
of a quasispecies with the use of Hill numbers [4,15,49]. Based on the expression of the
generalized diversity index, of order q, qH(p) is given in Equation (5),

q H(p) =
H

∑
i=1

pq
i (5)

the Hill number of order q, qD, of a quasispecies corresponds to the number of equally fit
haplotypes comprising a quasispecies with the same general diversity, qH, as the original
quasispecies, as is shown in Equation (6).

H

∑
i=1

pq
i =

D

∑
(

1
D

)q
= D

(
1
D

)q
= D1−q (6)

This results in Equation (7),

qD(p) =

(
H

∑
i=1

pq
i

)1/(1−q)

(7)

where qD(p) is the Hill number of order q, calculated from the haplotype frequencies ob-
served in the quasispecies, pi. The diversity indices, qD(p), obey the replication principle [4]
and are expressed in intuitive units (number of equally fit haplotypes). In ecology, the
replication principle states that if we have N equally large, equally diverse groups (quasis-
pecies), and no species (genomes) in common, the diversity of the pooled groups must be
N times the diversity of a single group.

At increasing values of q starting from 0, we obtain diversity values that are also a
transformation of other classical diversity indices:

• At q = 0, the Hill number is the number of haplotypes;
• at q = 1, it corresponds to the exponential of Shannon entropy;
• at q = 2, it is the inverse of the Simpson index; and
• at q = ∞, it is the inverse of the predominant haplotype.

The Hill number profile of a quasispecies is the curve we obtain from q = 0 to 3, plus the
value at infinity. The curve becomes asymptotic beyond order 2 and reaches its minimum
at infinity. As a result of the quasispecies values spanning a large range—more than three
orders of magnitude—the Hill number profile is best represented in log10 units.

4.5. Abundance Filter Effect on Haplotype Distribution

The goal of step 6 in the sequencing data treatment described above is usually to limit
technical errors (PCR + sequencing) to a level suitable for the purposes of the study, while
maintaining the integrity of full amplicon reads. The required frequency threshold can be
established through the use of clones that have been processed in parallel with the clinical
samples and sequenced in the same run [50].

The immediate effect of this filter is removal of all haplotypes with abundances below
the threshold, which in probabilistic terms, corresponds to truncating the distribution. Let
pk be this threshold, so that the haplotypes removed are those at frequencies pk+1, pk+2,
. . . , pn. The resulting truncated quasispecies will show haplotype frequencies resulting
from normalization of the remaining haplotype frequencies, (p1, p2, . . . , pk), as described in
Equation (8),

Π′ = (p1, p2, . . . , pk)/
k

∑
i=1

pi (8)

where pi are the frequencies calculated from read counts before the filter. In this manner, the
original frequencies are simply re-scaled. The truncation represents a loss of information,
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in the sense that below the error level, whatever it may be, there are authentic haplotypes
that would equally be rejected.

4.6. Sample Size Dependence

Diversity indices are dependent to a varying extent on the sample size [4], and this
dependence has to be taken into account when comparing values from different samples.
In the present study, we used bootstrap to correct differences due to sample size. From
the set of samples to be compared, the minimum coverage was taken as the sample
size reference. Each sample then underwent 1000 bootstrap cycles (i.e., sampling with
repositioning), taking the frequencies of all haplotypes in the sample as the probabilities,
and the minimum coverage in the set of samples to be compared as the sample size. In each
cycle, each diversity index was calculated from the resulting bootstrap sampling. At the
end of the 1000 cycles, averages and standard deviations were computed for each diversity
index in the study. In this way all diversity index values were referenced to the same
sample size (coverage).

In previous research, we suggested a faster alternative to this process, calling it down-
sampling with fringe trimming [3,4]. Although it provided good correction of sample size
bias, it resulted in a loss of information that can be critical in some situations.

4.7. Distance between Quasispecies, Quasispecies Dendrograms, and Multidimensional Scale
Plots (MDS)

A quasispecies can be seen as a genetic population, and the methods used to study
diversification in a genetic population can also be used to determine the distance or
dissimilarity between different quasispecies. There are several useful methods to quantify
distance. When examining the Hamming distance, or any genetic distance, between pairs
of haplotypes in two populations (quasispecies), the nucleotide divergence (Da) formula
by Matoshi Nei [51] measures the net genetic distance between them, correcting the full
genetic distance by subtracting their mean intra-population genetic diversity. This same
method can be applied to calculate the inter-quasispecies phenotype distance, in this case
substituting the matrices of genetic distances between pairs of haplotypes for the matrices of
distances between amino acid haplotypes. The distance between proteins can be computed
by the method of Grishin [52] to obtain dissimilarities between proteins from substitution
matrices, such as PAM or BLOSUM. Alternatively they can be computed directly from
matrices of distances between pairs of amino acids, using methods such as that of Fitch [53],
or Grantham [54]. When the quasispecies are closely related, as in the HEV follow-up study
here, an alternative type of distance or dissimilarity of interest can be obtained directly
from the haplotype frequencies of the two quasispecies, regardless of the genetic distance
between them, by applying the method of Yue—Clayton [55]. This method can also be
applied to the quasispecies fitness fractions introduced above.

The distances or dissimilarities obtained can be used to plot quasispecies dendrograms
or trees, or multidimensional scaling maps, to help visualize how the quasispecies in a
study are related.

4.8. Software and Statistics

All computations were done in R (v4.0.3) [56] with in-house scripts, using the Biostrings [57],
ShortRead [58], and QSutils [59] packages from Bioconductor [60], as well as ape [61], tidy-
verse [62], and ggplot2 [63].
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