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include clade-discordant residues
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ABSTRACT Defective genomes are part of SARS-CoV-2 quasispecies. High-resolution,
ultra-deep sequencing of bulk RNA from viral populations does not distinguish RNA
mutations, insertions, and deletions in viable genomes from those in defective genomes.
To quantify SARS-CoV-2 infectious variant progeny, virus from four individual plaques
(biological clones) of a preparation of isolate USA-WA1/2020, formed on Vero E6 cell
monolayers, was subjected to further biological cloning to yield 9 second-generation
and 15 third-generation sub-clones. Consensus genomic sequences of the biological
clones and sub-clones included an average of 2.8 variations per viable genome, relative
to the consensus sequence of the parental USA-WA1/2020 virus. This value is 6.5-fold
lower than the estimates for biological clones of other RNA viruses such as bacterio-
phage Qp, foot-and-mouth disease virus, or hepatitis C virus in cell culture. The mutant
spectrum complexity of the nsp12 (polymerase)- and spike (S)-coding region was unique
in the progeny of each of 10 third-generation sub-clones; they shared 2.4% of the total
of 164 different mutations and deletions scored in the 3,719 genomic residues that were
screened. The presence of minority out-of-frame deletions revealed the ease of defective
genome production from an individual infectious genome. Several low-frequency point
mutations and deletions were clade-discordant in that they were not typical of USA-
WA1/2020 but served to define the consensus sequences of future SARS-CoV-2 clades.
Implications for SARS-CoV-2 adaptability and COVID-19 control of the viable genome
heterogeneity and the generation of complex mutant spectra from individual genomes
are discussed.
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important for viral populations, such as those of SARS-CoV-2, that contain large
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uasispecies dynamics within infected individuals underlie the short-term adaptive
Q capacity of RNA viruses and condition the disease control strategies intended to
minimize the selection of vaccine- or antiviral agent-escape mutants (recently reviewed
in references 1-5). Initial suggestions were that SARS-CoV-2 displayed limited intra-host
evolution (6). However, for this emerging human viral pathogen, there is extensive
evidence of intra-host genetic and functional heterogeneity, quasispecies compartmen-
talization, and modifications of the mutant spectrum composition in sequential viral
samples from immunocompetent and immunocompromised COVID-19 patients (3, 7-
26).

Several factors might have influenced the non-unanimous view on SARS-CoV-2
intra-host diversity. (i) Different capacities to detect low-frequency mutations and
deletions present in the mutant spectra, depending on the ultra-deep sequencing
protocols. (ii) The assumption that the virus-coded 3’-5" exonuclease (Exo N), which
is active in vitro (27-29), would limit mutational input during viral replication, as it
was previously documented with the coronavirus murine hepatitis virus (30). Yet, no
calculation of the decrease in SARS-CoV-2 error rate that can be attributed to Exo N has
been reported. (iii) Estimates of SARS-CoV-2 mutation rate (31, 32) are on the low side of
the range of values reported for other RNA viruses (33-35), which fits the notion that Exo
N may correct part of the erroneous (non-complementary to the template) nucleotides
introduced in the nascent viral RNA product.

An additional uncertainty arises from the impossibility of assigning mutations and
deletions (or other less frequent RNA modifications such as insertions, duplications, or
inversions) to either viable genomes or defective viral genomes (DVGs) when subject-
ing unfractionated viral RNA populations to high-resolution ultra-deep sequencing
protocols. This recognized problem (36) is fully manifested when amplicons of limited
length are required to attain a mutation and deletion frequency cut-off of 0.1% (19, 20);
mutations in a haplotype can be assigned to a DVG only when they are accompanied by
out-of-frame (frameshift) deletions that lead to a protein synthesis termination codon or
a lethal point mutation (i.e., one that abolishes the catalytic site of an essential enzyme).

The mapping of mutations and deletions in viable genomes is particularly relevant for
SARS-CoV-2 since populations of this virus accumulate high frequencies of DVGs (37-40).
DVGs have been involved in induction of the innate immune response, in modulation of
replication of the corresponding standard (infectious or helper) genomes, in regulation
of translation shut-off, in building reservoirs of variant sequences, in establishment
of persistent infections, and in facilitating the transition toward extinction in lethal
mutagenesis of viruses (39, 41-51). DVGs can also be components of pathological
infectious units (52). Trans-complemented, RNA replication-competent DVGs do not
need to express functional versions of some of the proteins that participate in the
infectious cycle. Such DVGs may be more tolerant to mutations and deletions than their
viable counterparts, thus inflating overall complexity measures when bulk viral RNA is
analyzed.

In the present study, we have sequenced the SARS-CoV-2 RNA genome of biological
clones and sub-clones retrieved from isolate USA-WA1/2020 (53), with the objective of
quantifying the genetic lesions in the infectious virus subset of the population. We base
the approach on the evidence that dilute virus passage and plaque isolation are effective
means to purge viral populations of DVGs (48, 54, 55). Accordingly, a SARS-CoV-2
USA-WA1/2020 preparation was subjected to sequential plaque isolations on Vero E6 cell
monolayers, with each isolation being preceded by a mild detergent treatment to favor
particle disaggregation. The term clone denotes four biological clones (plaque isolates)
retrieved from preparation of USA-WA1/2020. The term sub-clone refers to biological
clones obtained from the four initial clones; they are divided into second- and third-gen-
eration sub-clones that result from two or three successive plaque isolations, respec-
tively. The genomic sequence of the virus was directly punched from each of a total of 28
individual plaques (without further infectious rounds) revealed multiple point mutations
and deletions, either unique or shared by several clones or sub-clones. The genetic
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heterogeneity among viable SARS-CoV-2 genomes is lower than previously estimated
for biological clones of bacteriophage QB (56), foot-and-mouth disease virus (FMDV)
(57, 58), and hepatitis C virus (59). Ultra-deep sequencing of the nsp12 (polymerase)-
and spike (S)-coding regions of third-generation sub-clonal populations revealed mutant
clouds of lower complexity than those from patients’ nasopharyngeal samples. Despite
their clonality, each of these mutant clouds displayed a unique and broad mutant
spectrum, which includes frameshift deletions and clade-discordant residues (those
that serve as signatures of SARS-CoV-2 clades other than the clade of USA-WA172020
isolate). The implications of these observations for SARS-CoV-2 evolution and COVID-19
management are discussed.

RESULTS

Preparation of clonal and sub-clonal populations of SARS-CoV-2 USA-
WA1/2020

The starting virus was SARS-CoV-2 USA-WA1/2020, prepared by infecting Vero E6 cells
with the virus received from BEl Resources (www.beiresources.org); the origin and
passage history of this isolate—that justifies the use of Vero E6 cells for this experi-
ment—is described in reference 53 and summarized in Materials and Methods. Following
preliminary experiments of resistance of USA-WA1/2020 infectivity to mild detergent
treatment (Table S1 in https://saco.csic.es/s/kYsz6A4sbzssZRp), the virus was incubated
with 0.01% deoxycholate in cell culture medium for 10 min at room temperature to
disaggregate viral particles (57, 60); then, the mixture was diluted in culture medium and
plated on Vero E6 cell monolayers. Material from four well-isolated plaques of average
size was resuspended in a cell culture medium and subjected to identical deoxycholate
treatment, dilution, and plating. The process was repeated with 9 second-generation
sub-clones to yield 15 third-generation sub-clones (Fig. 1).

Some differences were noted in infectious titer, amount of viral RNA, and specific
infectivity among the biological clones and sub-clones (data in Fig. S1 in https://
saco.csic.es/s/kYsz6A4sbzssZRp). In all cases, sufficient viral RNA was obtained to proceed
with the determination of the consensus nucleotide sequence of genomic RNA directly
from the virus resuspended from a viral plaque, without the need for additional infection
rounds.

Mutations and deletions in the consensus genomic sequence of clonal and
sub-clonal populations

To estimate the genetic heterogeneity among the viable subset of genomes in the USA-
WA1/2020 preparation, the consensus genomic nucleotide sequence of four biological
clones (c10, c11, c12, and c13 in Fig. 1) was determined using the COVIDSeq sequencing
(Ilumina). Alignment of the sequences with that of the parental USA-WA1/2020 prepara-
tion (taken as reference for the counting of mutations and deletions) revealed an average
of 2.5 point mutations and 0.2 deletions per genome (Fig. 2A). To calculate the viable
genome heterogeneity within each clone and in subsequent sub-clones, the consensus
genomic nucleotide sequence of 9 second-generation and 15 third-generation sub-
clones (Fig. 1) was determined. Sequence alignment taken as reference for the sequence
of USA-WA1/2020 revealed an average of 2.1 point mutations and 0.4 deletions per
genome for the second-generation sub-clones and 2.7 point mutations and 0.4 deletions
per genome for the third-generation sub-clones. For sub-clones c12.5.1, c12.6.1, c12.6.2,
c12.7.1, and c13.2.1, a stretch of 35 nucleotides was unresolved; in all cases, it was
located between residues 23480 and 23628 (indicated as non-resolved [NR] in Fig. 2). For
mutation and deletion counting, we have taken the conservative assumption that the
sequence of the NR residues is identical to that of the corresponding parental sub-clones
and progeny populations (compare Fig. 2B, C and D). In the second and third sub-clonal
lineages, the following number of new genetic lesions were counted: four point muta-
tions and one deletion for the c10 lineage; one point mutation for lineage c11; two point
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FIG 1 Schematic representation of the isolation of biological clones and sub-clones from SARS-CoV-2 USA-WA1/2020. The initial virus (circle on the left) was

prepared by infection of Vero E6 cells of the virus received from BEI Resources. It was treated with deoxycholate (DC), diluted, and plated on Vero E6 cell

monolayers to obtain biological clones c10, c11, c12, and c13 (filled squares). The process was repeated to obtain 9 second-generation and 15 third-generation

sub-clones (indicated with horizontal arrows and filled squares and with arrows at the bottom). Virus from an aliquot of each of the third-generation sub-clones

was grown in Vero E6 cells (represented by the elongated triangle and “g” following the sub-clone name; last row on the right of the scheme). RNA from the

third-generation derivatives of clones c10 and c11 was analyzed by ultra-deep sequencing (green elongated triangles). Procedures are detailed in Materials and

Methods.

mutations for lineage ¢12; two point mutations (one of them a reversion); and a deletion
for lineage c13. The only variation that crossed lineages was Del 23594-23629 (from
lineage c12 to c13); this deletion spans the furin cleavage site in S, and it may be a
frequent lesion in virus replicating in Vero E6 cells (see Discussion). The number of
mutations and deletions in the consensus sequence, located between genomic residues
22206 and 23629 (S amino acids 215-689) of the biological clones and sub-clones
analyzed, may qualify this stretch as a hot spot of variation, relative to the rest of the
genome. In that genomic stretch, the average number of lesions was 1.4 x 107 lesions
per nucleotide and clone. The corresponding number for the rest of the genome is 2.0 x
107 lesions per nucleotide and clone (P < 0.001; proportion test).
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FIG 2 Alignment of consensus genome sequences of biological clones and sub-clones. (A) A scheme
of the SARS-CoV-2 genome with indication of viral proteins and the 5’, 3" untranslated regions (UTR)
depicted at the top. Below, the genome of the USA-WA1/2020 (used as reference) and of the initial
biological clones is indicated with horizontal lines. The virus clone is given at the left of each line. (B
and C) Same as A but with second- and third-generation sub-clones. NR means non-resolved sequences;
they involve 35 nucleotides located between residues 23480 and 23628. (D) Same as C but for the third
generation sub-clones further grown in Vero E6 cells (name of sub-clone followed by g). Mutations are
indicated with vertical lines and deletions by rectangles. The mutated residues (with the amino acid
substitution for non-synonymous mutations indicated in parentheses) and the deletions (Del) are given
at the bottom of each of the alignments in A, B, C, and D (with T representing U in the RNA); residue
numbering is that of reference sequence Wuhan-Hu-1 (NC_045512.2). For A, B, and C genomes with a
unique or repeated sequence, considering all clones and sub-clones, are distinguished at the right of
each line, as follows; U, unique genomic sequence; R1, a sequence repeated in three genomes; R2,
(Continued on next page)
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Fig 2 (Continued)

a sequence repeated in eight genomes; R3, a sequence repeated in seven genomes; R4, a sequence
repeated in two genomes. Note that genomes in blocks C and D differ only in a synonymous mutation
(T2911G). The procedure used for the determination of consensus sequences is explained in Materials
and Methods.

The step-wise accumulation of mutations and deletions in each lineage is depicted
in Fig. S2 in https://saco.csic.es/s/kYsz6A4sbzssZRp. Of the total 28 genomes from clones
and sub-clones analyzed, 8 had a unique sequence (indicated as U in Fig. 2), while the
other sequences were repeated several times (indicated as R1, R2, R3, and R4 in Fig. 2).
Upon further growth of clones ¢10.2.1 to ¢13.2.1 to yield ¢10.2.1g to c13.2.1g, respec-
tively, only one synonymous mutation (U2911G) was added to the consensus sequence
of ¢10.3.3g (Fig. 2C and D), yielding an average of 3.2 variations per genome. Therefore,
the viable moiety of the USA-WA1/2020 preparation was genetically heterogeneous, and
individual clones and sub-clones yielded viable genomes with additional variations in
the course of plaque development on Vero E6 cells.

Kinetics of virus progeny production and mutant spectrum complexity of
sub-clonal populations

We previously documented a great complexity of the SARS-CoV-2 mutant spectrum of
the nsp12 (polymerase)- and spike (S)-coding regions of nasopharyngeal isolates from
COVID-19 patients of different disease severity (18, 19), as well as of USA-WA1/2020
populations passaged in Vero E6 cells, in the absence or presence of mutagenic
nucleoside analogs (61, 62). These quantifications provide a basis for comparison with
the complexity of the sub-clones isolated in the present study. To this aim, virus from 10
third-generation sub-clones derived from c10 and c11 (sub-clones ¢10.2.1 to c11.3.1 in
Fig. 1) was used to infect Vero E6 cells to produce the amount of viral RNA required for
high-resolution lllumina MiSeq ultra-deep sequencing (sub-clones c10.2.1gto c11.3.1g in
Fig. 1). The kinetics of viral production were very similar for each of the sub-clones and
for the parental USA-WA1/2020 population (P > 0.99 in all comparisons; two-way analysis
of variance (ANOVA); Fig. S3 in https://saco.csic.es/s/kYsz6A4sbzssZRp). Prior to entering
the ultra-deep sequencing protocol, the amplification of serial dilutions of the extracted
RNA ensured that there was no limitation in the initial amount of template molecules
that could bias mutant spectrum composition for comparative purposes (procedures,
oligonucleotide primers, and controls for reliability of mutation and deletion detection
are described in Materials and Methods). A heat map of mutations and deletions in
the nsp12 (polymerase)- and spike (S)-coding region, determined with a 0.1% frequency
cut-off, indicates that each mutant spectrum had a unique composition, with the great
majority of mutations found in the 0.10%-0.49% frequency range (Fig. 3). Out of the
3,719 positions screened by the amplicons, 333 positions (8.9%) were mutated or deleted
in the mutant spectrum of the sub-clones; 6 out of 149 mutations (4%) were shared by all
sub-clones. Three out of the six mutations that were present in the 10%-50% frequency
range in the USA-WA1/2020 preparation were dominant in the consensus sequence
of biological clones and sub-clones; these mutations and corresponding amino acid
substitutions were: A22206G (S substitution D215G), C23525T (S substitution H655Y),
and C23606T (S substitution R682W). Six out of 16 deletions were out of frame, indicating
the ease of production of defective genomes, following a limited number of replication
rounds (Table S2 in https://saco.csic.es/s/kYsz6A4sbzssZRp).

In contrast to the mutation type preferences in consensus sequences, the mutant
spectra of the nsp12 (polymerase)- and S-coding region of biological sub-clones
exhibited an overwhelming dominance of T — C and A — G transitions (Fig. 4). The origin
of the different mutation type preferences in consensus sequences vs mutant spectra is
not understood (see Discussion for possible contributing factors).
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FIG 3 Heat map of point mutations and deletions identified in the mutant spectrum of USA-WA1/2020
and 10 biological sub-clones. Values of mutation frequency are color coded as shown in the top box. The
genomic region analyzed is indicated in the filled rectangle at the top of each panel group. The nsp12
(polymerase) region analyzed spans residues 14534-16054, and the spike (S)-coding region analyzed
spans residues 21448-23645. The name of the virus or biological sub-clone is given at the left of
each line within a panel. Only positions where mutations or deletions have been found are included
in the map. Deletions are indicated with triangles. Residues are numbered according to reference
sequence Wuhan-Hu-1 (NC_045512.2). Clade-discordant mutations and deletions are indicated inside
gray rectangles. In them, amino acid substitutions are given in parentheses following the corresponding
point mutation. Del and Del aa indicate deletions of nucleotides and amino acids, respectively; the
asterisk in Omicron BA.1 means that in that viral lineage, the amino acids deleted are 142-144. The
clade-discordant residues are also indicated in Table S6 (https://saco.csic.es/s/kYsz6A4sbzssZRp), where
all mutations and deletions found in the mutant spectra and in the consensus sequences are listed.
Procedures for ultra-deep sequencing and controls for reliability of mutation and deletion detection are

explained in Materials and Methods.

Abundance and incidence diversity indices that are used to quantify quasispecies
complexity (63) indicate that USA-WA1/2020 and the biological sub-clones exhibit
a uniform and significantly lower complexity than the multiply passaged laboratory
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populations or nasopharyngeal isolates of SARS-CoV-2 (Fig. 5 and Fig. S4; Tables
S3 and S4 in https://saco.csic.es/s/kYsz6A4sbzssZRp). This difference is likely due to
the limited diversification of the biological sub-clones (it took about 27 infectious
genome doublings to go from an initial infectious genome to the populations ana-
lyzed by ultra-deep sequencing [see Fig. S1 in https://saco.csic.es/s/kYsz6A4sbzssZRp]). A
tendency (that in some cases reached statistical significance) was noted toward higher
complexity of USA-WA1/2020 than its derived sub-clones in the S-coding region but not
in the nsp12 (polymerase)-coding region (see Discussion for two interpretations of the
difference in complexity between the two genomic regions). Thus, SARS-CoV-2 biological
sub-clones are genetically complex but to a lesser degree than nasopharyngeal samples
from COVID-19 patients, indicating that mutant spectrum complexity is a variable trait,
influenced by the evolutionary history of the virus.

Clade-discordant residues in USA-WA1/2020 and its sub-clonal derivatives

Previous work showed that mutant spectra of SARS-CoV-2 contained mutation and
deletion clusters that were not typical of the clade of the isolate under study but that
were sequence signatures that helped to define the clade of future dominant viruses
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FIG 5 Diversity indices of the mutant spectrum of SARS-CoV-2 USA-WA1/2020, its biological sub-clones, laboratory
populations, and nasopharyngeal isolates of the virus. The top filled boxes indicate the genomic region analyzed. The
diversity index is given in ordinate (Hpl, number of haplotypes; Hs, Shannon entropy; Mfyax, maximum mutation frequency; 11,
nucleotide diversity) (63). The name of the virus, sub-clone, or laboratory population is written in the abscissa: Ten sub-clones:
aggregate of values of the 10 sub-clones. No drug: laboratory population passaged in Vero E6 cells in the absence of drug. Rib:
laboratory population passaged in Vero E6 cells in the presence of ribavirin. Rdv: laboratory population passaged in Vero E6
cells in the presence of remdesivir. Rib + Rdv: laboratory population passaged in Vero E6 cells in the presence of combinations
of ribavirin and remdesivir. Laboratory populations are described in references 61, 62. Mild, moderate, and exitus COVID-19
correspond to the virus from nasopharyngeal isolates of patients with different disease severity described in reference 19.
Bars represent the median for the nsp12 (polymerase) and spike (S) amplicons; triangles are the values for each sample and
amplicon. Statistical differences have been calculated using the Kruskal-Wallis test, followed by Dunn’s multiple comparison
test (¥, P < 0.05; **, P < 0.01; ***, P < 0.001). Additional diversity indices for the same samples are given in Fig. S4, and the
numerical values for each sample and amplicon are compiled in Tables S4 and S5 in https://saco.csic.es/s/kYsz6A4sbzssZRp or

in the references quoted therein. Amplicon residues and procedures are described in Materials and Methods.
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(14, 21, 64). Since the origin of such clade-discordant sequences was not clear, it was
interesting to investigate whether they were also present in the biological sub-clones
under study. At the time of isolation of USA-WA1/2020, no other SARS-CoV-2 clades were
circulating in the world (53). In all sub-clones, at least two clade-discordant mutations or
deletions were identified that were typical of Alpha, Beta, Gamma, Lambda, or Omicron
lineages (highlighted in Fig. 3 and in Table S5 in https://saco.csic.es/s/kYsz6A4sbzssZRp).
The results indicate the rapid generation of clade-discordant residues upon limited
replication of single SARS-CoV-2 genomes, suggesting that limitation in sequence space
occupation facilitates their frequent occurrence.

The present study has quantified the frequency of genomic modifications in viable
SARS-CoV-2 genomes and has indicated that complex mutant spectra develop even
during limited rounds of virus multiplication. Furthermore, the analysis has reinforced
the value of SARS-CoV-2 mutant spectra as repositories of sequences that become
dominant in future viral clades.

DISCUSSION

Quasispecies dynamics and the resulting population structure confer adaptability to
viruses, with consequences for viral disease emergence and disease control (recently
reviewed in references 1-5). Depending on the replication machinery and host
components, some viruses, including SARS-CoV-2, produce DVGs at high frequency,
many of which arise from intra-genome and inter-genome RNA recombination (65-69).
In this scenario, the aim of the present study was to evaluate the number and types of
genome variations produced in viable SARS-CoV-2 progeny in the controlled biological
environment provided by Vero E6 cells. The increase from 1 PFU to the number of PFUs
counted in the material resuspended from a plaque (clone or sub-clone; in the range of
10* to 10° PFU [Fig. ST in https://saco.csic.es/s/kYsz6A4sbzssZRp]) is equivalent to 14-20
viable genome doublings. This is a modest number compared with the number that
the virus likely undergoes in vivo from the initial infection until the collection of the
diagnostic sample (70). The consensus genomic sequences of the clonal and sub-clonal
populations include an average of 2.8 genomic modifications per viable genome, which
corresponds to 0.09 genome modifications per 1,000 nucleotides. This heterogeneity
is about 6.5-fold lower (range 2.5- to 14.4-fold) than the heterogeneity previously
estimated for other RNA viruses: 1-2 mutations per genome, which equates to 0.23-0.47
mutations per 1,000 nucleotides for the bacteriophage QB genome (4,217 nucleotides)
(56); 2-11 mutations per genome (0.24-1.30 mutations per 1,000 nucleotides) for the
FMDV genome (8,400 nucleotides) (57, 58); 5.7 mutations per genome (0.58 mutations
per 1,000 nucleotides) for the hepatitis C virus genome (9,600 nucleotides) (59). These
calculations are summarized in Table S6 in https://saco.csic.es/s/kYsz6A4sbzssZRp. This
difference may reflect a lower mutation rate or decreased tolerance of SARS-CoV-2
to mutations, as compared with other RNA viruses whose genomic RNA is three- to
sevenfold shorter (2, 3, 71), or both. The presence of in-frame deletions in biological
clones and sub-clones suggests that they are generated with high frequency during
SARS-CoV-2 genome replication and tolerated among viable genomes.

It may be considered that in the course of plaque development, DVGs were gener-
ated and reached dominance so that the variations scored in the consensus genomic
sequences belonged to DVGs rather than to infectious genomes. This is not compatible
with genomic changes in biological clones being inherited by successive generation
sub-clones (Fig. 2). The specific infectivity of the biological clones and sub-clones (Fig. S1
in https://saco.csic.es/s/kYsz6A4sbzssZRp) also argues against this possibility. Further-
more, serial plaque-to-plaque transfers lead to the accumulation of fitness-decreasing
mutations (operation of Muller’s ratchet [58, 72]), suggesting a relaxed negative selection
of genomic changes in the course of plaque development given the very small effective
population size. Although a high multiplicity of infection may be reached locally
during plaque formation (the area covered by a plaque includes about 800 cells that
finally yield around 1 x 10° PFUs [calculation described in Materials and Methods]),
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the limited intra-plaque competition among variants renders unlikely that DVGs could
reach dominance by complementation. Still, another possibility is that despite DVGs
not reaching dominance during plaque development, they incorporated mutations and
deletions that were then introduced into viable genomes by recombination. Such a
very unlikely course of events and its biological consequences would be difficult to
distinguish from variations occurring directly in viable genomes.

The mutant spectrum of the progeny of the third-generation biological sub-clones
exhibited a pattern of dominance of mutations in the 0.10%-0.49% frequency range that
mirrors the distribution previously identified with nasopharyngeal isolates of SARS-CoV-2
(19, 20). The dominance of low-frequency mutations may be yet another indication of
the adverse effect on viral fitness that mutations have for a large genome virus (2, 3,
71). Point mutations that were detected at low frequency in the mutant spectrum of
USA-WA1/2020 were present in the consensus sequence of some biological sub-clones
(compare Fig. 2 and Table S2 in https://saco.csic.es/s/kYsz6A4sbzssZRp), denoting easy
mutation frequency transits during the evolution of the virus. Among the low-frequency
amino acid substitutions in nsp12, L514P (in subclone c11.2.1g) and L727P (in subclone
¢10.2.2g and USA-WA1/2020) were previously described in viruses from patients of the
Madrid cohort and may have functional effects (18).

The most abundant mutation type in the consensus sequences of the biological
clones and sub-clones was C — U in agreement with most other studies (20, 73-75).
In contrast, the most abundant mutation types in the mutant spectra of the biological
clones and sub-clones were U — C and A = G (P < 0.001; proportion test), coincident
with those in virus from nasopharyngeal isolates (19). The mutation frequency difference
between mutant spectra and consensus sequences could not be due to some artifact
derived from reaching the 0.1% mutation frequency cut-off in the ultra-deep sequencing
procedure, since the same preferences were observed when the cut-off was set at 0.5%
frequency (18). As analyzed in the present study, a consensus sequence is a weighted
average of the individual genomic sequences that compose the sample of the popula-
tion. The mutant spectrum is quantified with a limited number of individual molecules
represented in specific amplicons from the sample. Therefore, a possibility is that, on
average, U — C transitions inflict a more severe fitness cost than C — U transitions on
the genomes harboring them. Such fitness cost would result in an average decrease in
the frequency of genomic regions that include U — C transitions, therefore losing weight
in their contribution to defining the consensus sequence of the entire quasispecies.
This possibility is supported by the known adverse effect on protein and RNA structure
of A = G and U — C transitions vs other mutation types (76, 77). In agreement with
this proposal, the mechanism of an FMDV polymerase substitution that conferred upon
the virus resistance to the mutagenic base analog 5-fluorouracil was to diminish the
proportion of A = G and U — C mutations during viral genome replication, the type of
mutations most frequently evoked by the analog (78). A non-exclusive possible factor
that may contribute to the abundance of G = A and C — U transitions in the consensus
sequences is that part of these mutation types may be contributed by cellular editing
activities; the editing enzymes may act preferentially on the most abundant viral RNA
molecules, which are those with more weight to define the consensus sequence. Despite
A — G transitions being compatible with the involvement of adenosine deaminase acting
on RNA (ADAR) editing (79-81), in most sub-clones, G was the most frequent residue
at the 5’ side of a mutated A (Table S7 in https://saco.csic.es/s/kYsz6A4sbzssZRp), which
is a non-preferred 5" neighbor of the edited positions. Therefore, although it cannot be
excluded that some of the A — G transitions might be due to A to | ADAR editing, it is
unlikely that the latter was the major driver of SARS-CoV-2 diversification. This is further
reinforced by the low template-copying fidelity of the viral polymerase (82), which is
expected to contribute point mutations even assuming that the Exo N was as active
as in the coronavirus murine hepatitis virus (30). Given the many unknowns related to
factors that may influence replicative accuracy and fitness, the origin of the difference
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in mutation type preferences reflected in SARS-CoV-2 consensus genomic sequences vs
mutant spectra of specific amplicons remains an open question.

The mutant spectrum of biological sub-clones includes clade-discordant residues
(those that were used to define the consensus sequence of other SARS-CoV-2 clades but
not of the USA-WA1/2020 clade), previously observed also in clinical isolates (21, 64).
The probability that the presence of clade-discordant residues is the result of chance
is negligible (21). In addition to implementing strict procedures to prevent cross-contam-
inations among viral and RNA samples (described in references 20, 21 and detailed in
Materials and Methods), the present study adds new proof of the authenticity of such
clade-discordant residues. Indeed, the latter in the biological sub-clones belonged to
Alpha, Beta, Gamma, Lambda, and Omicron lineages that were not in circulation when
the USA-WA1/2020 sample was obtained or when it was received in our laboratory
(https://www.who.int/activities/tracking-SARS-CoV-2-variants). This excludes that clade
discordances in USA-WA1/2020 are due to unnoticed co-infections in the patients from
whom the virus was sampled (21). The results favor the view that clade discordances are
a consequence of the limited occupation of sequence space by SARS-CoV-2 in the course
of its evolution. This opens the interesting possibility that the application of predictive
algorithms (83, 84) (among other approaches) using mutant spectrum sequences as
data input may anticipate likely sequence stretches in future isolates. The widespread
occurrence of clade-discordant residues in mutant spectra represents a challenge to
ascertain that their presence in clinical isolates is the result of co-infection of patients
in periods of co-circulation of different SARS-CoV-2 lineages (85). Two precedents of
sequence space occupation restrictions may be mentioned: (i) the long-term antigenic
variation of FMDV involved residue alternations (rather than linear accumulation of
different substitutions) at key antigenic sites (86). (i) When low-fitness FMDV biological
clones were allowed to regain fitness, their mutant spectra contained mutations that
acquired dominance at later stages of evolution of the virus (87); the term “harbinger”
was suggested to refer to mutations with predictive value (71). Some amino acid
substitutions, however, such as nsp2:R463S, nsp6:T6l, Nnsp12:5363N, S:D215G, S:H245R,
and S:R682W, which were present in the consensus sequence of several clones and
sub-clones, are underrepresented in data banks (less than 0.5% worldwide cumulative
prevalence in https://outbreak.info/ [88]).

Two objections to our approach to measuring variations in viable SARS-CoV-2
genomes may be presented: (i) the inadequate choice of Vero E6 cells because they
tend to mutate the furin cleavage site in protein S (amino acids 681-685) (89-91), and
(i) the limited value of quantifying mutations and deletions in viable genomes because
even if modifications were introduced in defective genomes, they could be transferred
into viable genomes by recombination (65-69).

Regarding (i), in the consensus sequences determined for biological clones and
sub-clones, only one out of four amino acid substitutions (R682W), and one of two
deletions (residues 23594-23629, which correspond to amino acids 678-689) mapped
within the furin cleavage site (Fig. 2). Moreover, none of the 58 S substitutions in the
mutant spectrum of the sub-clones mapped within the furin cleavage site (Table S2 in
https://saco.csic.es/s/kYsz6A4sbzssZRp). We cannot exclude that substitutions away from
the furin cleavage site may have also been selected in Vero E6 cells (89). The higher ratio
of non-synonymous to synonymous mutations in the S-coding region as compared with
the nsp12-coding region (Fig. S5; Table S8 in https://saco.csic.es/s/kYsz6A4sbzssZRp) may
be also explained by the tolerance of surface proteins to accept amino acid substitutions,
which lead to antigenic variation in the absence of immune selection (92, 93). Any cell
type imposes constraints on viruses (“to culture is to disturb” [94]), including examples of
cell culture-mediated rapid selection of multiple viral mutations (95, 96). No difference in
the fitness increase associated with S substitution N501Y was noted when measured
using Vero E6, Calu-3, or HAE cells (97). There is no evidence to support that the
estimates of viable variant progeny would differ in other cell lines (compare the total
number of different mutations scored in the S vs other genomic regions in Fig. 2 and 3
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and Table S2 in https://saco.csic.es/s/kYsz6A4sbzssZRp). In fact, given the prior history of
passages in Vero cells of the USA-WA1/2020 (53) (see Materials and Methods), sequence
modifications would have been more likely selected if the virus had been shifted to a
different cell line to perform our study (71). Regarding (ii), the occurrence of mutations
in viable genomes that maintain their viability without substantial effect on viral fitness
has an immediate potential impact on adaptability. Their transfer from DVGs to infectious
genomes would depend on chance recombination events.

In summary, the viable complement of SARS-CoV-2 clonal populations is less
heterogeneous than other RNA viruses for which comparable measurements are
available. Biological clones rapidly evolve into complex mutant spectra that include
clade-discordant residues. The results converge into suggesting considerable limitations
in SARS-CoV-2 sequence space—limitations that, however, do not seem to preclude
remarkable adaptability of this emergent pathogen (2-5).

MATERIALS AND METHODS
Virus, infections, and preparation of biological clones

SARS-CoV-2 isolate USA-WA1/2020 is from the first patient diagnosed with COVID-19
in the USA (53). Following collection of nasopharyngeal and oropharyngeal samples,
limiting dilutions of the virus were applied to suspended Vero CCL-81 cells and incubated
at 37°C and 5% CO; until cytopathology was observed. The RNA was extracted and
sequenced. The virus was passaged two additional times in Vero CCL-81 cells. A final
passage in Vero E6 cells provided the preparation that was received in our laboratory
from BEI Resources (NIAID, NIH; catalog No. NR-52281; contributor: Centers for Disease
Control and Prevention, Atlanta, Georgia, USA; www.beiresources.org); this virus had a
consensus genomic sequence identical to that of the initial clinical sample (GenBank
accession number MN985325). We prepared a working stock by infecting 3 x 10° Vero E6
with 3 x 10° PFUs of the USA-WA1/2020 from BEI Resources in the BSL-3 facility at Centro
de Biologia Molecular Severo Ochoa (CBM); the titer of the working stock was 1 x 10’
PFU/mL. Aliquots were kept at —80°C in the BSL-3 facility until use.

To obtain biological clones c10, c11, c12, and c13, 1,000 PFUs of USA-WA1/2020
were incubated with 0.01% sodium deoxycholate (Merck) in Dulbecco’s modified Eagle
medium (DMEM) for 10 min at room temperature (Table S1 in https://saco.csic.es/s/
kYsz6A4sbzssZRp). Then, the mixture was diluted 10-fold in DMEM and plated on Vero
E6 cell monolayers (1 x 10° cells in a well M6 plate) in DMEM, 1% fetal bovine serum,
1% DEAE dextran, 25 mM HEPES, and 0.5% agar (Sigma); plaques were allowed to
develop for 72 h. The average size plaque was 1 mm in diameter; since the diameter
of an M6 plate is 3.5 cm, a viral plaque resulted from the infection of about 800 cells.
Material from well-isolated plaques of average size was punched and resuspended in
500 pL of DMEM; 140 pL was used for RNA extraction, quantification, and determination
of the consensus genomic sequences using COVIDSeq; 50 pL was used for titration
of infectivity, and 90 pL was treated with 0.01% sodium deoxycholate and plated to
obtain the second generation sub-clones; identical procedures were followed to obtain
and characterize the third-generation sub-clones. Infectivity of USA-WA1/2020 and of its
derived biological clones and sub-clones was determined by plating serial dilutions of
the viral preparations on Vero E6 monolayers and expressed in PFU per milliliter.

The kinetics of infectious progeny production were determined by infecting 3 x 10°
Vero E6 cells with 3 x 10° PFUs of either USA-WA1/2020 (in triplicate) or the progeny
of each of the 10 third-generation sub-clones. Infectivity was titrated at 0 h, 2 h, 4 h,
8 h, 24 h, 48 h, and 72 h post-infection. Vero E6 cell monolayers were mock-infected, as
negative control in infections and titrations of infectivity.

RNA extraction, SARS-CoV-2 RNA amplification, and DNA quantification

Total RNA was extracted from 140 pL of cell culture medium using QIAmp Viral RNA
Mini Kit 250 (QIAGEN), following the instructions of the manufacturer. Each extraction
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was carried out separately. Negative controls were run in parallel with each extraction to
ensure the absence of contamination with undesired templates. For each amplification,
5 pL of the RNA extract was mixed with 2 pL of each of the forward and reverse
primer solutions (to yield 2 ng/uL), 10 yL of 5x buffer, and 1 pL polymerase, using the
Transcriptor One-Step RT-PCR kit (Roche Applied Science). Amplifications in the absence
of RNA were run in parallel as negative control. To ascertain that the amount of template
RNA was not limiting, amplification reactions were carried out with dilutions 1:10, 1:100,
and 1:1,000 of each RNA preparation; we proceeded with the sequencing protocol using
the undiluted RNA sample only when dilution 1:1,000 yielded a visible DNA band in the
gel electrophoresis analysis (2% agarose, with Gene Ruler 1 Kb Plus DNA Ladder from
Thermo Fisher Scientific as molar mass standard). The amplified, gel-fractionated DNA
was purified employing the QIAquick Gel Extraction Kit (QIAGEN), quantified with the
Qubit dsDNA Assay Kit (Thermo Fisher Scientific), and quality-tested using the TapeSta-
tion System.

Quantification of viral RNA

Quantitative real-time PCR (RT-gPCR) of SARS-CoV-2 RNA was carried out using a Light
Cycler RNA Master SYBR green | kit (Roche). The nsp12 (polymerase)-coding region of the
SARS-CoV-2 genome was amplified using primer oligonucleotides nsp12-CoV2-u14890
and nsp12-CoV2-d15320 (Table S9 in https://saco.csic.es/s/kYsz6A4sbzssZRp). Quantifica-
tion was relative to a standard curve obtained with known amounts of SARS-CoV-2
RNA synthesized by in vitro transcription from plasmid pGEM-T-nsp12-14511-15717 (with
inserted cDNA corresponding to residues 14511-15717 of the SARS-CoV-2 genome;
numbering according to Wuhan-Hu-1 NCBI reference sequence NC_045512.2). The
specificity of the reaction was tested with the denaturation curve of the amplified DNA.
Negative controls (without template RNA) were run in parallel with each amplification
reaction to ascertain the absence of contamination with undesired templates.

Precautions and controls to prevent cross-contaminations among samples

Concerning procedures and controls to prevent cross-contamination during laboratory
handling of the viral and RNA samples, the following measures were established. Care
was taken to avoid cross-contacts in the course of sample collection at the Fundacion
Jiménez Diaz Hospital and during transport to the BSL-3 laboratory at CBM. In the
laboratory, each sample was dealt with separately (only one sample in the cabin at any
given time) in high containment Class II, type A biological safety cabins that conform
with European regulation EN-12469; cabins were subjected to UV irradiation after use.
In a control experiment, an open tube containing water was kept in the cabin during
successive extractions of nasopharyngeal swabs. Then, the contents of the open tube
were subjected to the standard RT-PCR amplification protocol; no DNA product was
obtained. Non-disposable laboratory materials (including micro-pipette bodies) were
disinfected employing a VIRKON (Rely+On Virkon LanXess) solution. Reagents for RT-PCR
amplifications were prepared in an isolation cabin located in the standard biochemistry
laboratory (where no SARS-CoV-2 samples are stored). Negative RT-PCR amplification
controls consisting of a sample with all the reagents except RNA were included for each
amplicon and amplification reaction. The experiments were carried out using low-bind-
ing barrier sterile tips (Corning). No evidence of contamination was obtained in any
of the control assays. Following the established protocol, during library preparation of
DNA for ultra-deep sequence analysis, amplicons were indexed to identify the set of
sequences for each sample.

For all these considerations regarding precautions taken for sample collection and
transport, biosafety measures, and experimental controls, laboratory contamination
accounting for the presence of shared genomic changes among samples or of clade-
discordant residues in SARS-CoV-2 mutant spectra is exceedingly unlikely (additional
arguments are given in references 20, 21).
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Determination of consensus sequences

Consensus genomic sequences of the preparation of USA-WA1/2020 and of the
biological clones and sub-clones were obtained using COVIDSeq with the MiSeq
platform of lllumina. Quality check (QC) was performed with BaseSpace (Illumina). As a
filter for quality control, only sequences scored as “good” in the QC score were accep-
ted. The genomic sequence of USA-WA1/2020 was aligned with reference sequence
Wuhan-Hu-1 (NC_045512.2), using the Bio-IT Processor (version: 0 x 04261818). The
mutations that distinguish the two sequences are C8782T (synonymous) in nsp4,
C18060T (synonymous) in nsp14, and T28144C (L84S) in ORF8. Point mutations and
deletions in the consensus sequence of viral clones and sub-clones were counted relative
to the sequence of USA-WA1/2020.

Ultra-deep sequencing

Four amplicons of the nsp12 (polymerase)-coding region (spanning genomic residues
14511-16075) and six amplicons of the spike (S)-coding region (spanning genomic
residues 21424-23666) (numbering according to Wuhan-Hu-1 NCBI reference sequence
NC_045512.2) were obtained from the RNA extracted from 10 biological sub-clones,
using the primers listed in Table S9 and Fig. S6 (https://saco.csic.es/s/kYsz6A4sbzssZRp).
Each preparation was adjusted to a DNA concentration of 1.5 ng/pL, indexed using the
SeqCap Adapter kit A/B (Roche), and processed with the Kapa Hyper Prep kit (Kapa
Biosystems, Roche). DNA was quantified with the LightCycler 480 system. The deep
sequencing was performed using the MiSeq lllumina platform and the MiSeq Reagent
kit v3 (2 x 300 bp mode; 600 cycle kit). The sequences were presented as Fastq data
and were processed with the SeekDeep bioinformatics pipeline (98), using options:
--extrakxtractorCmds=-- checkRevComplementForPrimers —primerNumOfMismatches 3”
“—extraProcessClusterCmds=--fracCutOff 0.001 -rescueExcludedOneOffLowFreqHaplo-
types!” Mutations and deletions were detected with a frequency cut-off of 0.1%.

Data and controls to ascertain ultra-deep sequencing trustworthiness

Reliability of the point mutations, deletions, and haplotypes identified with a frequency
cut-off of 0.1% in the sub-clonal populations is based on the following sequencing
outputs, their interpretation, and other controls: (i) the average clean read coverage
was 117,963 (range 36,172-242,148; Table S10 in https://saco.csic.es/s/kYsz6A4sbzssZRp).
(i) A total of 92.2% of the residues that were sequenced yielded a quality score Q >
30, as calculated by the lllumina platform (https://emea.illumina.com/systems/sequenc-
ing-platforms/miseq/specifications.html). In addition, the experimental procedures and
the bioinformatics pipelines used in the present investigation are identical to those of
our previous studies (19, 20), where we gathered the following additional observations.
(iii) Out of 97 mutations, 96 mutations and the 10 deletions that were identified with a
0.5% mutation frequency cut-off in the mutant spectrum of patients’ SARS-CoV-2 were
also detected with the 0.1% cut-off. (iv) Mutation types and their distribution among
the first, second, and third codon positions were the same with the mutation frequency
cut-off either at 0.5% or at 0.1%. (v) The percentage of amino acid substitutions found
with the 0.5% and 0.1% frequency cut-off that were represented in the GISAID data
bank was very similar. (vi) Equally similar were the acceptability and predicted functional
effects of amino acid substitutions scored with 0.5% and 0.1%, as judged from the
PAM250 substitution matrix and the SNAP2 predictor, respectively; it is unlikely that
the similarity of functional effects would be maintained if the majority of substitutions
obtained with the 0.1% cut-off were artifacts. (vii) The number of mutations scored
upon lowering the point mutation frequency cut-off from 0.5% to 0.1% increased 55-fold
for the nsp12 (polymerase)-coding region and 97-fold for the S-coding region; it is
unlikely that the increase in the number of artifactual mutations was different in the two
genomic regions examined with identical experimental and bioinformatics protocols.
(viii) Duplicate sequencing of six amplicons of the virus from eight COVID-19 patients
yielded a similar number of point mutations and their frequency (r = 1, P < 0.0001
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using the Pearson correlation test); in addition, duplicate amplifications and sequencing
of three nsp12 amplicons of the reference isolate USA-WA1/2020 also yielded a similar
result (r = 1, P < 0.0001 using the Pearson correlation test). (ix) The most frequent
mutation types in our SARS-CoV-2 analyses are U = C and A — G, while the errors in the
lllumina system are mainly A «< C and G < T (99). None of the observations (i) to (ix)
would hold if a substantial proportion of mutations recorded with the 0.1% frequency
cut-off were artifacts (for further detail see references 5, 19, 20).

Statistics

The statistical significance of differences in infectivity, RNA concentration, and specific
infectivity was calculated using the one-way ANOVA, while differences in growth kinetics
were determined using the two-way ANOVA. In both cases, Tukey’s post hoc multi-
ple pairwise comparison test was applied using GraphPad Prism 8.00. The statistical
significance of differences between the number of mutations was determined using the
proportion test, using R software version 4.0.2. Differences between diversity indices
were determined with the Kruskal-Wallis test, followed by Dunn’s multiple comparison
test using GraphPad Prism 8.00.

ACKNOWLEDGMENTS

We are indebted to Santiago F. Elena and Josep Sardanyés for valuable comments on the
manuscript.

The work was supported by the Ministerio de Ciencia e Innovacién, grants
PID2020-113888RB-100/AEI/10.13039/501100011033 and 2022201116, by the Ministerio
de Ciencia, Innovacion y Universidades (MICIU), grant PID2023-1466220B-100 financed
by MICIU/AEI/10.13039/501100011033 and by FEDER, UE, through the “Severo Ochoa”
Programmes for Centers of Excellence in R&D (CEX2021-001154-S and CEX2023-001386-
S). The work was also supported by the European Commission Next-Generation EU
(regulation EU 2020/2024) through the CSIC’s Global Health Platform (PTI Salud Global).
The work was also funded by grants PI21/00139 funding from Instituto de Salud Carlos IlI
(ISClll), co-funded by the European Union, CSIC-COV19-014 from Agencia Estatal Consejo
Superior de Investigaciones Cientificas (CSIC) and project 525/C/2021 from Fundacié La
Maraté de TV3, grants 202136-30 and 202136-31. We also acknowledge the projects
TEC-607 2024/Bl0O-66 (SALAINDEC-CM from Comunidad de Madrid/FEDER) and 52018/
BAA-4370 (PLATESA2 from Comunidad de Madrid/FEDER). Institutional grants from the
Fundacion Ramoén Areces and Banco Santander to the CBMSO are also acknowledged.
The team at CBM belongs to the Global Virus Network (GVN) and to the Biomedicine Unit
of Universidad de Castilla La Mancha (UCLM), associated with CSIC. B.M.-G. is supported
by predoctoral contract PFIS FI19/00119 from Instituto de Salud Carlos Il cofinanced
by Fondo Social Europeo (FSE), “El FSE invierte en tu futuro.” PS. is supported by
postdoctoral contract Margarita Salas, CA1/RSUE/2021 from MCIU. PM. is supported by
the Miguel Servet program of the Instituto de Salud Carlos Il (CP1121/00015), cofinanced
by the European Regional Development Fund (ERDF).

AUTHOR AFFILIATIONS

'Centro de Biologia Molecular “Severo Ochoa” (CSIC-UAM), Campus de Cantoblanco,
Madrid, Spain

?Department of Clinical Microbiology, Instituto de Investigacion Sanitaria-Fundacion
Jiménez Diaz University Hospital, Universidad Auténoma de Madrid (lIS-FJD, UAM),
Madrid, Spain

*Department of Molecular and Cell Biology, Centro Nacional de Biotecnologia (CNB-
CSIC), Consejo Superior de Investigaciones Cientificas (CSIC), Campus de Cantoblanco,
Madrid, Spain

“Departamento de Biologia Molecular, Universidad Autonoma de Madrid, Campus de
Cantoblanco, Madrid, Spain

May 2025 Volume 99 Issue 5

Journal of Virology

10.1128/jvi.02250-24 16


https://doi.org/10.1128/jvi.02250-24

Full-Length Text

*Department of Genetics and Genomics, Instituto de Investigacion Sanitaria-Fundacion
Jiménez Diaz University Hospital, Universidad Auténoma de Madrid (lIS-FJD, UAM),
Madrid, Spain

Center for Biomedical Network Research on Rare Diseases (CIBERER), Instituto de Salud
Carlos Ill, Madrid, Spain

’Bioinformatics Unit, Instituto de Investigacion Sanitaria-Fundacién Jiménez Diaz
University Hospital, Universidad Auténoma de Madrid (IIS-FJD, UAM), Madrid, Spain
8Center for Biomedical Network Research on Infectious Diseases (CIBERINFEC), Madrid,
Spain

AUTHOR ORCIDs

Ana Isabel de Avila ® http://orcid.org/0000-0002-9381-0963
Maria Eugenia Soria (2 http://orcid.org/0000-0002-4719-3351
Pilar Somovilla 2 http://orcid.org/0000-0001-8368-3641
Pablo Minguez  http://orcid.org/0000-0003-4099-9421
Llanos Salar-Vidal 2 http://orcid.org/0000-0002-3052-0176
Marta Martin-Garcia @ http://orcid.org/0009-0003-9724-4422
Sonia Zufiga © http://orcid.org/0000-0003-2549-6826
Isabel Sola = http://orcid.org/0000-0002-5704-1917

Luis Enjuanes & http://orcid.org/0000-0002-0854-0226
Ignacio Gadea 2 http://orcid.org/0000-0003-4684-7816
Celia Perales  http://orcid.org/0000-0003-1618-1937
Esteban Domingo & http://orcid.org/0000-0002-0573-1676

AUTHOR CONTRIBUTIONS

Ana lIsabel de Avila, Formal analysis, Investigation, Methodology, Validation | Maria
Eugenia Soria, Formal analysis, Investigation, Methodology, Validation | Brenda Martinez-
Gonzélez, Formal analysis, Methodology, Validation | Pilar Somovilla, Investigation,
Methodology, Software | Pablo Minguez, Software | Llanos Salar-Vidal, Methodology,
Validation | Mario Esteban-Mufioz, Methodology, Validation | Marta Martin-Garcia,
Methodology, Validation | Sonia Zuiiga, Methodology, Validation | Isabel Sola, Method-
ology, Validation | Luis Enjuanes, Methodology, Validation | Ignacio Gadea, Funding
acquisition, Supervision, Validation | Celia Perales, Conceptualization, Funding acquis-
ition, Supervision, Writing - original draft, Writing - review and editing | Esteban
Domingo, Conceptualization, Funding acquisition, Supervision, Writing — original draft,
Writing - review and editing

DATA AVAILABILITY

The data presented in the study have been deposited in NCBI/ENA/DDBJ under accession
number PRJEB85704.

REFERENCES

Journal of Virology

1.

Gonzalez Aparicio LJ, Lépez CB, Felt SA. 2022. A virus is a community:
diversity within negative-sense RNA virus populations. Microbiol Mol
Biol Rev 86:0008621. https://doi.org/10.1128/mmbr.00086-21
Sardanyés J, Perales C, Domingo E, Elena SF. 2024. Quasispecies theory
and emerging viruses: challenges and applications. NPJ Viruses 2:54. htt
ps://doi.org/10.1038/544298-024-00066-w

Domingo E, Martinez-Gonzélez B, Somovilla P, Garcia-Crespo C, Soria
ME, de Avila Al, Gadea |, Perales C. 2025. A general and biomedical
perspective of viral quasispecies. RNA 31:429-443. https://doi.org/10.12
61/rna.080280.124

Simi¢i¢ P, Zidovec-Lepej S. 2022. A glimpse on the evolution of RNA
viruses: implications and lessons from SARS-CoV-2. Viruses 15:1. https://
doi.org/10.3390/v15010001

Domingo E, Martinez-Gonzalez B, Garcia-Crespo C, Somovilla P, de Avila
Al, Soria ME, Duran-Pastor A, Perales C. 2023. Puzzles, challenges, and

May 2025 Volume 99 Issue 5

information reservoir of SARS-CoV-2 quasispecies. J Virol 97:e0151123. h
ttps://doi.org/10.1128/jvi.01511-23

Markov PV, Ghafari M, Beer M, Lythgoe K, Simmonds P, Stilianakis NI,
Katzourakis A. 2023. The evolution of SARS-CoV-2. Nat Rev Microbiol
21:361-379. https://doi.org/10.1038/541579-023-00878-2

Capobianchi MR, Rueca M, Messina F, Giombini E, Carletti F, Colavita F,
Castilletti C, Lalle E, Bordi L, Vairo F, Nicastri E, Ippolito G, Gruber CEM,
Bartolini B. 2020. Molecular characterization of SARS-CoV-2 from the first
case of COVID-19 in Italy. Clin Microbiol Infect 26:954-956. https://doi.or
9/10.1016/j.cmi.2020.03.025

Jary A, Leducq V, Malet |, Marot S, Klement-Frutos E, Teyssou E, Soulié C,
Abdi B, Wirden M, Pourcher V, Caumes E, Calvez V, Burrel S, Marcelin A-G,
Boutolleau D. 2020. Evolution of viral quasispecies during SARS-CoV-2
infection. Clin Microbiol Infect 26:1560. https://doi.org/10.1016/j.cmi.202
0.07.032

10.1128/jvi.02250-24 17


http://orcid.org/0000-0002-9381-0963
http://orcid.org/0000-0002-4719-3351
http://orcid.org/0000-0001-8368-3641
http://orcid.org/0000-0003-4099-9421
http://orcid.org/0000-0002-3052-0176
http://orcid.org/0009-0003-9724-4422
http://orcid.org/0000-0003-2549-6826
http://orcid.org/0000-0002-5704-1917
http://orcid.org/0000-0002-0854-0226
http://orcid.org/0000-0003-4684-7816
http://orcid.org/0000-0003-1618-1937
http://orcid.org/0000-0002-0573-1676
https://www.ncbi.nlm.nih.gov/bioproject/PRJEB85704/
https://doi.org/10.1128/mmbr.00086-21
https://doi.org/10.1038/s44298-024-00066-w
https://doi.org/10.1261/rna.080280.124
https://doi.org/10.3390/v15010001
https://doi.org/10.1128/jvi.01511-23
https://doi.org/10.1038/s41579-023-00878-2
https://doi.org/10.1016/j.cmi.2020.03.025
https://doi.org/10.1016/j.cmi.2020.07.032
https://doi.org/10.1128/jvi.02250-24

Full-Length Text

20.

21.

22.

23.

May 2025 Volume 99

Rueca M, Bartolini B, Gruber CEM, Piralla A, Baldanti F, Giombini E,
Messina F, Marchioni L, Ippolito G, Caro A, Capobianchi MR. 2020.
Compartmentalized replication of SARS-Cov-2 in upper vs lower
respiratory tract assessed by whole genome quasispecies analysis.
Microorganisms 8:E1302. https://doi.org/10.3390/microorganisms80913
02

Andrés C, Garcia-Cehic D, Gregori J, Pinana M, Rodriguez-Frias F,
Guerrero-Murillo M, Esperalba J, Rando A, Goterris L, Codina MG, Quer S,
Martin MC, Campins M, Ferrer R, Almirante B, Esteban JI, Pumarola T,
Antén A, Quer J. 2020. Naturally occurring SARS-CoV-2 gene deletions
close to the spike S1/S2 cleavage site in the viral quasispecies of
COVID19 patients. Emerg Microbes Infect 9:1900-1911. https://doi.org/1
0.1080/22221751.2020.1806735

Karamitros T, Papadopoulou G, Bousali M, Mexias A, Tsiodras S, Mentis A.
2020. SARS-CoV-2 exhibits intra-host genomic plasticity and low-
frequency polymorphic quasispecies. J Clin Virol 131:104585. https://doi.
0rg/10.1016/j.jcv.2020.104585

Choi B, Choudhary MC, Regan J, Sparks JA, Padera RF, Qiu X, Solomon IH,
Kuo HH, Boucau J, Bowman K, et al. 2020. Persistence and evolution of
SARS-CoV-2 in an immunocompromised host. N Engl J Med 383:2291-
2293. https://doi.org/10.1056/NEJMc2031364

Armero A, Berthet N, Avarre JC. 2021. Intra-host diversity of SARS-Cov-2
should not be neglected: case of the state of victoria, Australia. Viruses
13:133. https://doi.org/10.3390/v13010133

Sun F, Wang X, Tan S, Dan Y, Lu Y, Zhang J, Xu J, Tan Z, Xiang X, Zhou Y,
He W, Wan X, Zhang W, Chen Y, Tan W, Deng G. 2021. SARS-CoV-2
quasispecies provides an advantage mutation pool for the epidemic
variants. Microbiol Spectr 9:e0026121. https://doi.org/10.1128/spectrum
.00261-21

Lythgoe KA, Hall M, Ferretti L, de Cesare M, MacIntyre-Cockett G, Trebes
A, Andersson M, Otecko N, Wise EL, Moore N. 2021. SARS-CoV-2 within-
host diversity and transmission. Science 372:eabg0821. https://doi.org/1
0.1126/science.abg0821

Tonkin-Hill G, Martincorena |, Amato R, Lawson ARJ, Gerstung M,
Johnston |, Jackson DK, Park N, Lensing SV, Quail MA, Wellcome Sanger
Institute C-ST. 2021. Patterns of within-host genetic diversity in SARS-
CoV-2. Elife 10:e66857. https://doi.org/10.7554/eLife.66857

Gaiarsa S, Giardina F, Batisti Biffignandi G, Ferrari G, Piazza A, Tallarita M,
Novazzi F, Bandi C, Paolucci S, Rovida F, Campanini G, Piralla A, Baldanti
F. 2022. Comparative analysis of SARS-CoV-2 quasispecies in the upper
and lower respiratory tract shows an ongoing evolution in the spike
cleavage site. Virus Res 315:198786. https://doi.org/10.1016/j.virusres.20
22.198786

Martinez-Gonzalez B, Soria ME, Vazquez-Sirvent L, Ferrer-Orta C, Lobo-
Vega R, Minguez P, de la Fuente L, Llorens C, Soriano B, Ramos R. 2022.
SARS-CoV-2 point mutation and deletion spectra and their association
with different disease outcomes. Microbiol Spectr 10:e0022122. https://
doi.org/10.1128/spectrum.00221-22

Martinez-Gonzalez B, Soria ME, Vazquez-Sirvent L, Ferrer-Orta C, Lobo-
Vega R, Minguez P, de la Fuente L, Llorens C, Soriano B, Ramos-Ruiz R.
2022. SARS-CoV-2 mutant spectra at different depth levels reveal an
overwhelming abundance of low frequency mutations. Pathogens
11:662. https://doi.org/10.3390/pathogens11060662

Delgado S, Somovilla P, Ferrer-Orta C, Martinez-Gonzélez B, Vézquez-
Monteagudo S, Mufioz-Flores J, Soria ME, Garcia-Crespo C, de Avila Al,
Duran-Pastor A, Gadea |, Lopez-Galindez C, Moran F, Lorenzo-Redondo
R, Verdaguer N, Perales C, Domingo E. 2024. Incipient functional SARS-
CoV-2 diversification identified through neural network haplotype maps.
Proc Natl Acad Sci USA 121:€2317851121. https://doi.org/10.1073/pnas.
2317851121

Martinez-Gonzalez B, Soria ME, Minguez P, Lorenzo-Redondo R, Salar-
Vidal L, Lépez-Garcia A, Esteban-Muioz M, Duran-Pastor A, Somovilla P,
Garcia-Crespo C, de Avila Al, Gémez J, Esteban J, Fernandez-Roblas R,
Gadea |, Domingo E, Perales C. 2024. SARS-CoV-2 mutant spectra as
variant of concern nurseries: endless variation? Front Microbiol
15:1358258. https://doi.org/10.3389/fmicb.2024.1358258

Bader W, Delerce J, Aherfi S, La Scola B, Colson P. 2022. Quasispecies
analysis of SARS-CoV-2 of 15 different lineages during the first year of
the pandemic prompts scratching under the surface of consensus
genome sequences. Int J Mol Sci 23:15658. https://doi.org/10.3390/ijms2
32415658

Pathak AK, Mishra GP, Uppili B, Walia S, Fatihi S, Abbas T, Banu S, Ghosh
A, Kanampalliwar A, Jha A. 2022. Spatio-temporal dynamics of intra-host

Issue 5

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

Journal of Virology

variability in SARS-CoV-2 genomes. Nucleic Acids Res 50:1551-1561. htt
ps://doi.org/10.1093/nar/gkab1297

Kimbrel J, Moon J, Avila-Herrera A, Marti JM, Thissen J, Mulakken N,
Sandholtz SH, Ferrell T, Daum C, Hall S, Segelke B, Arrildt KT, Messenger
S, Wadford DA, Jaing C, Allen JE, Borucki MK. 2022. Multiple mutations
associated with emergent variants can be detected as low-frequency
mutations in early SARS-CoV-2 pandemic clinical samples. Viruses
14:2775. https://doi.org/10.3390/v14122775

Butler D, Mozsary C, Meydan C, Foox J, Rosiene J, Shaiber A, Danko D,
Afshinnekoo E, MacKay M, Sedlazeck FJ. 2021. Shotgun transcriptome,
spatial omics, and isothermal profiling of SARS-CoV-2 infection reveals
unique host responses, viral diversification, and drug interactions. Nat
Commun 12:1660. https://doi.org/10.1038/541467-021-21361-7

Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Miiller MA,
Niemeyer D, Jones TC, Vollmar P, Rothe C, Hoelscher M, Bleicker T,
Briinink S, Schneider J, Ehmann R, Zwirglmaier K, Drosten C, Wendtner C.
2020. Virological assessment of hospitalized patients with COVID-2019.
Nature New Biol 581:465-469. https://doi.org/10.1038/541586-020-2196
-X

Lin'S, Chen H, Chen Z, Yang F, Ye F, Zheng Y, Yang J, Lin X, Sun H, Wang L,
Wen A, Dong H, Xiao Q, Deng D, Cao Y, Lu G. 2021. Crystal structure of
SARS-CoV-2 nsp10 bound to nsp14-ExoN domain reveals an exoribonu-
clease with both structural and functional integrity. Nucleic Acids Res
49:5382-5392. https://doi.org/10.1093/nar/gkab320

Ma Z, Pourfarjam Y, Kim IK. 2021. Reconstitution and functional
characterization of SARS-CoV-2 proofreading complex. Protein Expr Purif
185:105894. https://doi.org/10.1016/j.pep.2021.105894

Scholle MD, Liu C, Deval J, Gurard-Levin ZA. 2021. Label-free screening
of SARS-CoV-2 NSP14 exonuclease activity using SAMDI mass
spectrometry. SLAS Discov 26:766-774. https://doi.org/10.1177/2472555
2211008854

Eckerle LD, Lu X, Sperry SM, Choi L, Denison MR. 2007. High fidelity of
murine hepatitis virus replication is decreased in nsp14 exoribonuclease
mutants. J Virol 81:12135-12144. https://doi.org/10.1128/JVI.01296-07
Amicone M, Borges V, Alves MJ, Isidro J, Zé-Zé L, Duarte S, Vieira L,
Guiomar R, Gomes JP, Gordo I. 2022. Mutation rate of SARS-CoV-2 and
emergence of mutators during experimental evolution. Evol Med Public
Health 10:142-155. https://doi.org/10.1093/emph/eoac010

Kawasaki Y, Abe H, Yasuda J. 2023. Comparison of genome replication
fidelity between SARS-CoV-2 and influenza A virus in cell culture. Sci Rep
13:13105. https://doi.org/10.1038/541598-023-40463-4

Batschelet E, Domingo E, Weissmann C. 1976. The proportion of
revertant and mutant phage in a growing population, as a function of
mutation and growth rate. Gene 1:27-32. https://doi.org/10.1016/0378-
1119(76)90004-4

Drake JW, Holland JJ. 1999. Mutation rates among RNA viruses. Proc Natl
Acad Sci USA 96:13910-13913. https://doi.org/10.1073/pnas.96.24.1391
0

Sanjuan R, Nebot MR, Chirico N, Mansky LM, Belshaw R. 2010. Viral
mutation rates. J Virol 84:9733-9748. https://doi.org/10.1128/JVI.00694-
10

Brooke CB. 2014. Biological activities of “noninfectious” influenza a virus
particles. Future Virol 9:41-51. https://doi.org/10.2217/fvl.13.118
Campos C, Colomer-Castell S, Garcia-Cehic D, Gregori J, Andrés C, Pifiana
M, Gonzélez-Sénchez A, Borras B, Parés-Badell O, Adombi CM, Ibafiez-
Lligofia M, Esperalba J, Codina MG, Rando-Segura A, Saubi N, Esteban JI,
Rodriguez-Frias F, Pumarola T, Anton A, Quer J. 2022. The frequency of
defective genomes in Omicron differs from that of the alpha, beta and
delta variants. Sci Rep 12:22571. https://doi.org/10.1038/s41598-022-249
18-8

Zhou T, Gilliam NJ, Li S, Spandau S, Osborn RM, Connor S, Anderson CS,
Mariani TJ, Thakar J, Dewhurst S, Mathews DH, Huang L, Sun Y. 2023.
Generation and functional analysis of defective viral genomes during
SARS-CoV-2 infection. mBio 14:20025023. https://doi.org/10.1128/mbio.
00250-23

Hillung J, Olmo-Uceda MJ, Mufoz-Sanchez JC, Elena SF. 2024.
Accumulation dynamics of defective genomes during experimental
evolution of two betacoronaviruses. Viruses 16:644. https://doi.org/10.3
390/v16040644

Xu Z, Peng Q, Song J, Zhang H, Wei D, Demongeot J, Zeng Q. 2024.
Bioinformatic analysis of defective viral genomes in SARS-CoV-2 and its
impact on population infection characteristics. Front Immunol
15:1341906. https://doi.org/10.3389/fimmu.2024.1341906

10.1128/jvi.02250-24 18


https://doi.org/10.3390/microorganisms8091302
https://doi.org/10.1080/22221751.2020.1806735
https://doi.org/10.1016/j.jcv.2020.104585
https://doi.org/10.1056/NEJMc2031364
https://doi.org/10.3390/v13010133
https://doi.org/10.1128/spectrum.00261-21
https://doi.org/10.1126/science.abg0821
https://doi.org/10.7554/eLife.66857
https://doi.org/10.1016/j.virusres.2022.198786
https://doi.org/10.1128/spectrum.00221-22
https://doi.org/10.3390/pathogens11060662
https://doi.org/10.1073/pnas.2317851121
https://doi.org/10.3389/fmicb.2024.1358258
https://doi.org/10.3390/ijms232415658
https://doi.org/10.1093/nar/gkab1297
https://doi.org/10.3390/v14122775
https://doi.org/10.1038/s41467-021-21361-7
https://doi.org/10.1038/s41586-020-2196-x
https://doi.org/10.1093/nar/gkab320
https://doi.org/10.1016/j.pep.2021.105894
https://doi.org/10.1177/24725552211008854
https://doi.org/10.1128/JVI.01296-07
https://doi.org/10.1093/emph/eoac010
https://doi.org/10.1038/s41598-023-40463-4
https://doi.org/10.1016/0378-1119(76)90004-4
https://doi.org/10.1073/pnas.96.24.13910
https://doi.org/10.1128/JVI.00694-10
https://doi.org/10.2217/fvl.13.118
https://doi.org/10.1038/s41598-022-24918-8
https://doi.org/10.1128/mbio.00250-23
https://doi.org/10.3390/v16040644
https://doi.org/10.3389/fimmu.2024.1341906
https://doi.org/10.1128/jvi.02250-24

Full-Length Text

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

May 2025 Volume 99

Huang AS, Baltimore D. 1970. Defective viral particles and viral disease
processes. Nature New Biol 226:325-327. https://doi.org/10.1038/22632
5a0

Holland JJ, Villarreal LP. 1974. Persistent noncytocidal vesicular
stomatitis virus infections mediated by defective T particles that
suppress virion transcriptase. Proc Natl Acad Sci USA 71:2956-2960. http
s://doi.org/10.1073/pnas.71.8.2956

Kawai A, Matsumoto S, Tanabe K. 1975. Characterization of rabies viruses
recovered from persistently infected BHK cells. Virology67:520-533. http
s://doi.org/10.1016/0042-6822(75)90452-3

De BK, Nayak DP. 1980. Defective interfering influenza viruses and host
cells: establishment and maintenance of persistent influenza virus
infection in MDBK and Hela cells. J Virol 36:847-859. https://doi.org/10.1
128/JV1.36.3.847-859.1980

Roux L, Waldvogel FA. 1981. Establishment of sendai virus persistent
infection: biochemical analysis of the early phase of a standard plus
defective interfering virus infection of BHK cells. Virology112:400-410. ht
tps://doi.org/10.1016/0042-6822(81)90287-7

Baczko K, Liebert UG, Billeter M, Cattaneo R, Budka H, ter Meulen V.
1986. Expression of defective measles virus genes in brain tissues of
patients with subacute sclerosing panencephalitis. J Virol 59:472-478. ht
tps://doi.org/10.1128/JV1.59.2.472-478.1986

Vignuzzi M, Lépez CB. 2019. Defective viral genomes are key drivers of
the virus-host interaction. Nat Microbiol 4:1075-1087. https://doi.org/10.
1038/541564-019-0465-y

Brennan JW, Sun Y. 2024. Defective viral genomes: advances in
understanding their generation, function, and impact on infection
outcomes. mBio 15:20069224. https://doi.org/10.1128/mbio.00692-24
Grande-Pérez A, Lazaro E, Lowenstein P, Domingo E, Manrubia SC. 2005.
Suppression of viral infectivity through lethal defection. Proc Natl Acad
Sci USA 102:4448-4452. https://doi.org/10.1073/pnas.0408871102

Rezelj VV, Levi LI, Vignuzzi M. 2018. The defective component of viral
populations. Curr Opin Virol 33:74-80. https://doi.org/10.1016/j.coviro.2
018.07.014

Karamichali E, Chihab H, Kakkanas A, Marchio A, Karamitros T, Pogka V,
Varaklioti A, Kalliaropoulos A, Martinez-Gonzales B, Foka P, Koskinas 1,
Mentis A, Benjelloun S, Pineau P, Georgopoulou U. 2018. HCV defective
genomes promote persistent ifection by modulating the viral life cycle.
Front Microbiol 9:2942. https://doi.org/10.3389/fmicb.2018.02942

Taye B, Yousaf |, Navaratnarajah CK, Schroeder DC, Pfaller CK, Cattaneo R.
2024. A measles virus collective infectious unit that caused lethal human
brain disease includes many locally restricted and few widespread copy-
back defective genomes. J Virol 98:e0123224. https://doi.org/10.1128/jvi
.01232-24

Harcourt J, Tamin A, Lu X, Kamili S, Sakthivel SK, Murray J, Queen K, Tao
Y, Paden CR, Zhang J, et al. 2020. Severe acute respiratory syndrome
coronavirus 2 from patient with coronavirus disease, United States.
Emerg Infect Dis 26:1266-1273. https://doi.org/10.3201/eid2606.200516
Stampfer M, Baltimore D, Huang AS. 1969. Ribonucleic acid synthesis of
vesicular stomatitis virus. |. Species of ribonucleic acid found in Chinese
hamster ovary cells infected with plaque-forming and defective
particles. J Virol 4:154-161. https://doi.org/10.1128/JV1.4.2.154-161.1969
Holland JJ. 1990. Defective viral genomes, p 151-165. In Fields BM, Knipe
DM (ed), Virology. Raven Press, New York.

Domingo E, Sabo D, Taniguchi T, Weissmann C. 1978. Nucleotide
sequence heterogeneity of an RNA phage population. Cell 13:735-744. h
ttps://doi.org/10.1016/0092-8674(78)90223-4

Sobrino F, Davila M, Ortin J, Domingo E. 1983. Multiple genetic variants
arise in the course of replication of foot-and-mouth disease virus in cell
culture. Virology (Auckl) 128:310-318. https://doi.org/10.1016/0042-682
2(83)90258-1

Escarmis C, Davila M, Charpentier N, Bracho A, Moya A, Domingo E. 1996.
Genetic lesions associated with Muller’s ratchet in an RNA virus. J Mol
Biol 264:255-267. https://doi.org/10.1006/jmbi.1996.0639

Gallego |, Soria ME, Garcia-Crespo C, Chen Q, Martinez-Barragén P,
Khalfaoui S, Martinez-Gonzalez B, Sanchez-Martin |, Palacios-Blanco |, de
Avila Al, Garcia-Cehic D, Esteban JI, Gémez J, Briones C, Gregori J, Quer J,
Perales C, Domingo E. 2020. Broad and dynamic diversification of
infectious hepatitis C virus in a cell culture environment. J Virol
94:e01856-19. https://doi.org/10.1128/JV1.01856-19

Yanez RJ, Moya A, Vifuela E, Domingo E. 1991. Repetitive nucleotide
sequencing of a dispensable DNA segment in a clonal population of
African swine fever virus. Virus Res 20:265-272. https://doi.org/10.1016/
0168-1702(91)90080-f

Issue 5

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Journal of Virology

Somovilla P, Garcia-Crespo C, Martinez-Gonzélez B, Soria ME, de Avila Al,
Gallego I, Minguez P, Duran-Pastor A, Ferrer-Orta C, Salar-Vidal L,
Esteban-Mufnoz M, Zuiiga S, Sola |, Enjuanes L, Esteban J, Fernandez-
Roblas R, Gadea I, Gémez J, Verdaguer N, Domingo E, Perales C. 2023.
Atypical mutational spectrum of SARS-CoV-2 replicating in the presence
of ribavirin. Antimicrob Agents Chemother 67:e0131522. https://doi.org/
10.1128/aac.01315-22

Garcia-Crespo C, de Avila Al, Gallego |, Soria ME, Duran-Pastor A,
Somovilla P, Martinez-Gonzalez B, Muoz-Flores J, Minguez P, Salar-Vidal
L, Esteban-Muioz M, Cafar-Camacho E, Ferrer-Orta C, Zufiiga S, Sola |,
Enjuanes L, Esteban J, Fernandez-Roblas R, Gadea |, Gomez J, Verdaguer
N, Domingo E, Perales C. 2024. Synergism between remdesivir and
ribavirin leads to SARS-CoV-2 extinction in cell culture. Br J Pharmacol
181:2636-2654. https://doi.org/10.1111/bph.16344

Gregori J, Perales C, Rodriguez-Frias F, Esteban JI, Quer J, Domingo E.
2016. Viral quasispecies complexity measures. Virology 493:227-237. htt
ps://doi.org/10.1016/j.virol.2016.03.017

Martinez-Gonzalez B, Vazquez-Sirvent L, Soria ME, Minguez P, Salar-Vidal
L, Garcia-Crespo C, Gallego |, de Avila Al, Llorens C, Soriano B, Ramos-
Ruiz R, Esteban J, Fernandez-Roblas R, Gadea |, Ayuso C, Ruiz-Hornillos J,
Pérez-Jorge C, Domingo E, Perales C. 2022. Vaccine breakthrough
infections with SARS-CoV-2 Alpha mirror mutations in Delta Plus, lota,
and Omicron. J Clin Invest 132:e157700. https://doi.org/10.1172/JCI1577
00

Jackson B, Boni MF, Bull MJ, Colleran A, Colquhoun RM, Darby AC,
Haldenby S, Hill V, Lucaci A, McCrone JT, Nicholls SM, O'Toole A,
Pacchiarini N, Poplawski R, Scher E, Todd F, Webster HJ, Whitehead M,
Wierzbicki C, Loman NJ, Connor TR, Robertson DL, Pybus OG, Rambaut
A, COVID-19 Genomics UK (COG-UK) Consortium. 2021. Generation and
transmission of interlineage recombinants in the SARS-CoV-2 pandemic.
Cell 184:5179-5188. https://doi.org/10.1016/j.cell.2021.08.014

Sekizuka T, Itokawa K, Saito M, Shimatani M, Matsuyama S, Hasegawa H,
Saito T, Kuroda M. 2022. Genome recombination between the delta and
alpha variants of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). Jpn J Infect Dis 75:415-418. https://doi.org/10.7883/yoken
JJID.2021.844

Fang L, Xu J, Zhao Y, Fan J, Shen J, Liu W, Cao G. 2023. The effects of
amino acid substitution of spike protein and genomic recombination on
the evolution of SARS-CoV-2. Front Microbiol 14:1228128. https://doi.org
/10.3389/fmicb.2023.1228128

Karim B, Barary M, Fereydouni Z, Sanjari E, Hosseinzadeh R, Salehi-Vaziri
M, Maleki A. 2024. The nuts and bolts of recombination in the
generation of SARS-CoV-2 variants; from XA to XBB. Lett Appl Microbiol
77:0vae074. https://doi.org/10.1093/lambio/ovae074

Sayama Y, Sakagami A, Okamoto M, Sakamoto M, Koizumi H, Kimura Y,
Dapat C, Saito M, Suzuki Y, Sasaki M, Sugawara N, Oshitani H. 2024.
Identification of various recombinants in a patient coinfected with the
different SARS-CoV-2 variants. Influenza Other Respir Viruses 18:e13340.
https://doi.org/10.1111/irv.13340

Sender R, Bar-On YM, Gleizer S, Bernshtein B, Flamholz A, Phillips R, Milo
R. 2021. The total number and mass of SARS-CoV-2 virions. Proc Natl
Acad Sci USA 118:€2024815118. https://doi.org/10.1073/pnas.20248151
18

Domingo E. 2020. Virus as populations. Second Edition. Academic Press,
Elsevier, Amsterdam.

Chao L. 1990. Fitness of RNA virus decreased by Muller’s ratchet. Nature
New Biol 348:454-455. https://doi.org/10.1038/348454a0

Bloom JD, Beichman AC, Neher RA, Harris K. 2023. Evolution of the SARS-
CoV-2 mutational spectrum. Mol Biol Evol 40:msad085. https://doi.org/1
0.1093/molbev/msad085

Simmonds P, Ansari MA. 2021. Extensive C->U transition biases in the
genomes of a wide range of mammalian RNA viruses; potential
associations with transcriptional mutations, damage- or host-mediated
editing of viral RNA. Plos Pathog 17:1009596. https://doi.org/10.1371/jo
urnal.ppat.1009596

Rogozin IB, Saura A, Poliakov E, Bykova A, Roche-Lima A, Pavlov YI,
Yurchenko V. 2024. Properties and mechanisms of deletions, insertions,
and substitutions in the evolutionary history of SARS-CoV-2. Int J Mol Sci
25:3696. https://doi.org/10.3390/ijms25073696

Bastolla U, Porto M, Roman HE, Vendruscolo M. 2006. A protein
evolution model with independent sites that reproduces site-specific
amino acid distributions from the protein data bank. BMC Evol Biol 6:43.
https://doi.org/10.1186/1471-2148-6-43

10.1128/jvi.02250-24 19


https://doi.org/10.1038/226325a0
https://doi.org/10.1073/pnas.71.8.2956
https://doi.org/10.1016/0042-6822(75)90452-3
https://doi.org/10.1128/JVI.36.3.847-859.1980
https://doi.org/10.1016/0042-6822(81)90287-7
https://doi.org/10.1128/JVI.59.2.472-478.1986
https://doi.org/10.1038/s41564-019-0465-y
https://doi.org/10.1128/mbio.00692-24
https://doi.org/10.1073/pnas.0408871102
https://doi.org/10.1016/j.coviro.2018.07.014
https://doi.org/10.3389/fmicb.2018.02942
https://doi.org/10.1128/jvi.01232-24
https://doi.org/10.3201/eid2606.200516
https://doi.org/10.1128/JVI.4.2.154-161.1969
https://doi.org/10.1016/0092-8674(78)90223-4
https://doi.org/10.1016/0042-6822(83)90258-1
https://doi.org/10.1006/jmbi.1996.0639
https://doi.org/10.1128/JVI.01856-19
https://doi.org/10.1016/0168-1702(91)90080-f
https://doi.org/10.1128/aac.01315-22
https://doi.org/10.1111/bph.16344
https://doi.org/10.1016/j.virol.2016.03.017
https://doi.org/10.1172/JCI157700
https://doi.org/10.1016/j.cell.2021.08.014
https://doi.org/10.7883/yoken.JJID.2021.844
https://doi.org/10.3389/fmicb.2023.1228128
https://doi.org/10.1093/lambio/ovae074
https://doi.org/10.1111/irv.13340
https://doi.org/10.1073/pnas.2024815118
https://doi.org/10.1038/348454a0
https://doi.org/10.1093/molbev/msad085
https://doi.org/10.1371/journal.ppat.1009596
https://doi.org/10.3390/ijms25073696
https://doi.org/10.1186/1471-2148-6-43
https://doi.org/10.1128/jvi.02250-24

Full-Length Text

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

May 2025 Volume 99

Mendez R, Fritsche M, Porto M, Bastolla U. 2010. Mutation bias favors
protein folding stability in the evolution of small populations. Plos
Comput Biol 6:¢1000767. https://doi.org/10.1371/journal.pcbi.1000767
de la Higuera |, Ferrer-Orta C, de Avila Al, Perales C, Sierra M, Singh K,
Sarafianos SG, Dehouck Y, Bastolla U, Verdaguer N, Domingo E. 2017.
Molecular and functional bases of selection against a mutation bias in
an RNA Virus. Genome Biol Evol 9:1212-1228. https://doi.org/10.1093/g
be/evx075

Pu X, Xu Q, Wang J, Liu B. 2023. The continuing discovery on the
evidence for RNA editing in SARS-CoV-2. RNA Biol 20:219-222. https://d
0i.0rg/10.1080/15476286.2023.2214437

Picardi E, Mansi L, Pesole G. 2021. Detection of A-to-l RNA editing in
SARS-COV-2. Genes (Basel) 13:41. https://doi.org/10.3390/genes1301004
1

Ringlander J, Fingal J, Kann H, Prakash K, Rydell G, Andersson M, Martner
A, Lindh M, Horal P, Hellstrand K, Kann M. 2022. Impact of ADAR-induced
editing of minor viral RNA populations on replication and transmission
of SARS-CoV-2. Proc Natl Acad Sci USA 119:e2112663119. https://doi.org
/10.1073/pnas.2112663119

Yin X, Popa H, Stapon A, Bouda E, Garcia-Diaz M. 2023. Fidelity of
ribonucleotide incorporation by the SARS-CoV-2 replication complex. J
Mol Biol 435:167973. https://doi.org/10.1016/j.jmb.2023.167973

Thadani NN, Gurev S, Notin P, Youssef N, Rollins NJ, Ritter D, Sander C,
Gal Y, Marks DS. 2023. Learning from prepandemic data to forecast viral
escape. Nature New Biol 622:818-825. https://doi.org/10.1038/541586-0
23-06617-0

Ramachandran A, Lumetta SS, Chen D. 2024. PandoGen: generating
complete instances of future SARS-CoV-2 sequences using deep
learning. Plos Comput Biol 20:21011790. https://doi.org/10.1371/journal.
pcbi. 1011790

Garcia-Lépez R, Taboada B, Zarate S, Muioz-Medina JE, Salas-Lais AG,
Herrera-Estrella A, Boukadida C, Vazquez-Perez JA, GOomez-Gil B,
Sanchez-Flores A, Arias CF. 2024. Exploration of low-frequency allelic
variants of SARS-CoV-2 genomes reveals coinfections in Mexico
occurred during periods of VOCs turnover. Microb Genom 10:001220. htt
ps://doi.org/10.1099/mgen.0.001220

Martinez MA, Dopazo J, Hernandez J, Mateu MG, Sobrino F, Domingo E,
Knowles NJ. 1992. Evolution of the capsid protein genes of foot-and-
mouth disease virus: antigenic variation without accumulation of amino
acid substitutions over six decades. J Virol 66:3557-3565. https://doi.org/
10.1128/JV1.66.6.3557-3565.1992

Arias A, Lazaro E, Escarmis C, Domingo E. 2001. Molecular intermediates
of fitness gain of an RNA virus: characterization of a mutant spectrum by
biological and molecular cloning. J Gen Virol 82:1049-1060. https://doi.o
rg/10.1099/0022-1317-82-5-1049

Gangavarapu K, Latif AA, Mullen JL, Alkuzweny M, Hufbauer E, Tsueng G,
Haag E, Zeller M, Aceves CM, Zaiets K, Cano M, Zhou X, Qian Z, Sattler R,
Matteson NL, Levy JI, Lee RTC, Freitas L, Maurer-Stroh S, Suchard MA, Wu
C, Su Al, Andersen KG, Hughes LD, GISAID Core and Curation Team. 2023.
Outbreak.info genomic reports: scalable and dynamic surveillance of

Issue 5

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Journal of Virology

SARS-CoV-2 variants and mutations. Nat Methods 20:512-522. https://d
0i.0rg/10.1038/541592-023-01769-3

Ogando NS, Dalebout TJ, Zevenhoven-Dobbe JC, Limpens R, van der
Meer Y, Caly L, Druce J, de Vries JJC, Kikkert M, Barcena M, Sidorov |,
Snijder EJ. 2020. SARS-coronavirus-2 replication in Vero E6 cells:
replication kinetics, rapid adaptation and cytopathology. J Gen Virol
101:925-940. https://doi.org/10.1099/jgv.0.001453

Sasaki M, Uemura K, Sato A, Toba S, Sanaki T, Maenaka K, Hall WW, Orba
Y, Sawa H. 2021. SARS-CoV-2 variants with mutations at the S1/52
cleavage site are generated in vitro during propagation in TMPRSS2-
deficient cells. Plos Pathog 17:1009233. https://doi.org/10.1371/journal.
ppat.1009233

Hossain MG, Tang YD, Akter S, Zheng C. 2022. Roles of the polybasic
furin cleavage site of spike protein in SARS-CoV-2 replication, pathogen-
esis, and host immune responses and vaccination. J Med Virol 94:1815-
1820. https://doi.org/10.1002/jmv.27539

Domingo E, Diez J, Martinez MA, Hernandez J, Holguin A, Borrego B,
Mateu MG. 1993. New observations on antigenic diversification of RNA
viruses.antigenic variation is not dependent on immune selection. J Gen
Virol 74:2039-2045. https://doi.org/10.1099/0022-1317-74-10-2039
Willett JDS, Gravel A, Dubuc I, Gudimard L, Dos Santos Pereira Andrade
AC, Lacasse E, Fortin P, Liu JL, Cervantes JA, Galvez JH, Djambazian HHV,
Zwaig M, Roy AM, Lee S, Chen SH, Ragoussis J, Flamand L. 2024. SARS-
CoV-2 rapidly evolves lineage-specific phenotypic differences when
passaged repeatedly in immune-naive mice. Commun Biol 7:191. https:/
/doi.org/10.1038/542003-024-05878-3

Meyerhans A, Cheynier R, Albert J, Seth M, Kwok S, Sninsky J, Morfeldt-
Manson L, Asjo B, Wain-Hobson S. 1989. Temporal fluctuations in HIV
quasispecies in vivo are not reflected by sequential HIV isolations. Cell
58:901-910. https://doi.org/10.1016/0092-8674(89)90942-2

Escarmis C, Carrillo EC, Ferrer M, Arriaza JF, Lopez N, Tami C, Verdaguer
N, Domingo E, Franze-Ferndndez MT. 1998. Rapid selection in modified
BHK-21 cells of a foot-and-mouth disease virus variant showing
alterations in cell tropism. J Virol 72:10171-10179. https://doi.org/10.112
8/JV1.72.12.10171-10179.1998

de la Torre JC, Giachetti C, Semler BL, Holland JJ. 1992. High frequency of
single-base transitions and extreme frequency of precise multiple-base
reversion mutations in poliovirus. Proc Natl Acad Sci USA 89:2531-2535.
https://doi.org/10.1073/pnas.89.7.2531

Liu Y, Liu J, Plante KS, Plante JA, Xie X, Zhang X, Ku Z, An Z, Scharton D,
Schindewolf C, Widen SG, Menachery VD, Shi PY, Weaver SC. 2022. The
N501Y spike substitution enhances SARS-CoV-2 infection and
transmission. Nature New Biol 602:294-299. https://doi.org/10.1038/541
586-021-04245-0

Hathaway NJ, Parobek CM, Juliano JJ, Bailey JA. 2018. SeekDeep: single-
base resolution de novo clustering for amplicon deep sequencing.
Nucleic Acids Res 46:e21. https://doi.org/10.1093/nar/gkx1201

Schirmer M, D’Amore R, ljaz UZ, Hall N, Quince C. 2016. lllumina error
profiles: resolving fine-scale variation in metagenomic sequencing data.
BMC Bioinformatics 17:125. https://doi.org/10.1186/512859-016-0976-y

10.1128/jvi.02250-24 20


https://doi.org/10.1371/journal.pcbi.1000767
https://doi.org/10.1093/gbe/evx075
https://doi.org/10.1080/15476286.2023.2214437
https://doi.org/10.3390/genes13010041
https://doi.org/10.1073/pnas.2112663119
https://doi.org/10.1016/j.jmb.2023.167973
https://doi.org/10.1038/s41586-023-06617-0
https://doi.org/10.1371/journal.pcbi.1011790
https://doi.org/10.1099/mgen.0.001220
https://doi.org/10.1128/JVI.66.6.3557-3565.1992
https://doi.org/10.1099/0022-1317-82-5-1049
https://doi.org/10.1038/s41592-023-01769-3
https://doi.org/10.1099/jgv.0.001453
https://doi.org/10.1371/journal.ppat.1009233
https://doi.org/10.1002/jmv.27539
https://doi.org/10.1099/0022-1317-74-10-2039
https://doi.org/10.1038/s42003-024-05878-3
https://doi.org/10.1016/0092-8674(89)90942-2
https://doi.org/10.1128/JVI.72.12.10171-10179.1998
https://doi.org/10.1073/pnas.89.7.2531
https://doi.org/10.1038/s41586-021-04245-0
https://doi.org/10.1093/nar/gkx1201
https://doi.org/10.1186/s12859-016-0976-y
https://doi.org/10.1128/jvi.02250-24

	SARS-CoV-2 biological clones are genetically heterogeneous and include clade-discordant residues
	RESULTS
	Preparation of clonal and sub-clonal populations of SARS-CoV-2 USA-WA1/2020
	Mutations and deletions in the consensus genomic sequence of clonal and sub-clonal populations
	Kinetics of virus progeny production and mutant spectrum complexity of sub-clonal populations
	Clade-discordant residues in USA-WA1/2020 and its sub-clonal derivatives

	DISCUSSION
	MATERIALS AND METHODS
	Virus, infections, and preparation of biological clones
	RNA extraction, SARS-CoV-2 RNA amplification, and DNA quantification
	Quantification of viral RNA
	Precautions and controls to prevent cross-contaminations among samples
	Determination of consensus sequences
	Ultra-deep sequencing
	Data and controls to ascertain ultra-deep sequencing trustworthiness
	Statistics



