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Abstract

Molnupiravir induces mutations that render severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) replication-competent through error catastrophe mechanisms.
Previous studies showed no resistant virus emergence during prolonged molnupiravir
treatment, with no resistant variants reported. However, these approaches were limited by
genetic uniformity at passage initiation. To investigate viral population dynamics under
enhanced genetic diversity, we employed mutagenic pre-treatment using 5-fluorouracil
(5-FU) and favipiravir to generate diverse quasi-species populations before molnupiravir
selection pressure. Viral populations were treated with stepwise increasing molnupiravir
concentrations (10 µM −→ 25 µM −→ 40 µM) over ten serial passages. Viral detectabil-
ity, plaque morphology, and mutation accumulation were analyzed using molecular and
sequencing approaches. Only high-concentration favipiravir (1000 µM) pre-treatment
maintained detectable viral RNA through ten passages under 40 µM molnupiravir, while
favipiravir (500 µM) and 5-FU groups became undetectable after passage 6. Surviving
populations formed extremely small plaques with markedly reduced replication capacity.
Next-generation sequencing revealed extensive mutation accumulation across viral pro-
teins, including polymerase proteins. Individual viable virus isolation was unsuccessful,
and large-scale propagation could not be achieved. These findings demonstrate apparent
survival rather than true resistance to molnupiravir, characterized by severely compromised
viral fitness.
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1. Introduction
Since its emergence, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

has demonstrated remarkable evolutionary patterns that distinguish it from most RNA
viruses. Most RNA viruses utilize RNA-dependent RNA polymerase (RdRp) that lacks
proofreading function, resulting in high mutation rates that enable rapid adaptation but
limit genomic integrity. However, coronaviruses and other members of the Nidovirales
order represent notable exceptions among RNA viruses possessing sophisticated proofread-
ing mechanisms that allow them to maintain larger, more stable genomes while maintaining
evolutionary flexibility [1,2].

This difference becomes evident when comparing mutation rates across viral fami-
lies. While most RNA viruses exhibit mutation rates ranging from 10−6 to 10−4 substitu-

Viruses 2026, 18, 273 https://doi.org/10.3390/v18020273

https://crossmark.crossref.org/dialog?doi=10.3390/v18020273&domain=pdf&date_stamp=2026-02-23
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0009-0005-0143-2475
https://doi.org/10.3390/v18020273


Viruses 2026, 18, 273 2 of 13

tions/site/year [3], the proofreading mechanisms in coronavirus result in markedly lower
rates. In natural populations, SARS-CoV-2 shows evolutionary rates of 0.81–1.08 × 10−3

substitutions/site/year [4,5] compared to influenza A virus (4.84 × 10−3 substitu-
tions/site/year) [6], representing approximately one-quarter of the rate of influenza A virus.
Laboratory studies further confirm this enhanced replication fidelity, with SARS-CoV-2
demonstrating 24-fold lower mutation rates per replication cycle than influenza A virus [7].

This relatively low mutation rate is attributed to the 3′-5′ exonuclease activity of non-
structural protein 14 (nsp14), whose activity is significantly enhanced (260-fold) through
complex formation with the nsp10 co-factor [8]. This nsp14 exonuclease exhibits proof-
reading activity that removes nucleotides incorporated with error during RNA synthesis,
enabling high replication fidelity compared to other RNA viruses [9,10]. However, the
proofreading function presents significant challenges for antiviral drug development. Con-
ventional nucleoside analogs that inhibit viral RNA synthesis can be removed by the
coronavirus nsp14 exonuclease after their incorporation into the viral genome, substan-
tially reducing therapeutic efficacy [11]. Despite these challenges, nucleoside-based RdRp
inhibitors remain crucial therapeutic options, with remdesivir [12] and molnupiravir [13]
currently approved against SARS-CoV-2.

Molnupiravir has been approved in multiple countries as an oral therapeutic agent for
patients with mild to moderate COVID-19 [14]. Unlike conventional nucleoside analogs,
molnupiravir is a prodrug of a cytidine analog that is converted intracellularly to EIDD-
1931, phosphorylated to EIDD-1931-TP, and incorporated by viral RdRp in place of cytidine
or uridine [15]. Importantly, molnupiravir does not initiate chain termination, allowing
continued RNA synthesis with incorporated errors [16]. Once integrated into viral RNA, the
nsp14 exonuclease cannot completely remove all molnupiravir-containing nucleotides [16].
This misincorporation increases mutation rates beyond the lethal threshold, inducing error
catastrophe [17,18], where lethal errors accumulate due to loss of genetic fidelity, leading to
viral population extinction [16]. However, resistance mechanisms to this unique mode of
action remain poorly understood.

Previous resistance studies have relied on spontaneous mutations arising under drug
selection pressure using relatively homogenous laboratory strains [7,19]. This approach is
inherently limited by genetic uniformity at the initiation of passage, restricting the pool
of selectable mutations. Furthermore, reducing the sample size during serial passages
poses a risk of losing potentially advantageous mutations [20]. Unlike conventional nu-
cleoside analogs, where resistance typically involves target-specific mutations in nsp12
(RdRp) [11,21], molnupiravir’s non-specific error catastrophe mechanism suggests unique
resistance patterns that may not be captured by traditional approaches.

To address these limitations, this study employed a novel experimental approach by
introducing genetic diversity into viral genomes prior to drug selection. Specifically, viruses
were pre-treated with 5-fluorouracil (5-FU) [9,22] or favipiravir [23] as mutagenic agents to
artificially create quasi-species populations with enhanced genetic diversity. These agents
induce specific transition mutations—GA and UC transitions through 5-FU conversion to
5-fluorouridine triphosphate, and CU and GA transitions through favipiravir acting as a
purine nucleoside analog—thereby reproducing the genetic diversity present in natural
viral populations and enhancing the efficacy of detecting resistance-conferring mutations.
This study presents a proof-of-concept for investigating resistance mechanisms against
lethal mutagenesis-based antivirals such as molnupiravir, specifically testing whether
enhanced genetic diversity enables viral persistence at the edge of error catastrophe rather
than facilitating the emergence of genetically resistant viral variants.
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2. Materials and Methods
2.1. Virus and Cell Culture

SARS-CoV-2 (strain WK-521) was propagated in VeroE6/TMPRSS2 cells (JCRB Cell
Bank, Tsukuba, IJapan) maintained in Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL
streptomycin. All virus work was conducted in a biosafety level 3 facility following
institutional guidelines.

2.2. Mutagen Pre-Treatment

SARS-CoV-2 was treated with mutagenic agents to generate quasi-species popula-
tions before molnupiravir selection. Five-fluorouracil (5-FU; F6627, Sigma-Aldrich, St.
Louis, MO, USA) was used at 100 µM, while favipiravir (HY14768, MedChemExpress
[MCE], Monmouth Junction, NJ, USA) was used at 1000 µM or 500 µM concentrations.
Virus stocks (multiplicity of infection [MOI] 0.01) were co-cultured with mutagens in
VeroE6/TMPRSS2 cells for 48 h at 37 ◦C with 5% CO2. Supernatants were harvested
and passed once to amplify the virus groups treated with mutagens and then used for
subsequent molnupiravir selection.

2.3. Molnupiravir Selection Pressure

Pre-treated virus populations were subjected to serial passage under gradually increas-
ing molnupiravir (HY-135853, MCE) concentrations. In the initial passages (P1–P2) 10 µM
of molnupiravir was used, in the intermediate passages (P3–P4) 25 µM was used, and in
the final passages (P5–P10) 40 µM was used. While the 40 µM molnupiravir concentration
exceeds therapeutic plasma NHC levels (~19 µM), it represents a concentration lower than
the intracellular NHC-TP levels (~117 µM) achieved in target cells at clinical doses [24].
Passages were performed in T75 flasks with 15 mL DMEM containing 5% FBS and appro-
priate molnupiravir concentrations. When cytopathic effects (CPE) were observed by daily
microscopic examination, 7 mL of supernatant was stored at −80 ◦C, and 7 mL was used
for subsequent passage at 1:1 dilution. Control experiments used equivalent volumes of
DMSO as a vehicle.

2.4. Viral Titer Quantification

Viral RNA copy numbers were quantified by quantitative real-time RT-PCR (qRT-PCR)
targeting the envelope (E) gene using the 5′-UTR leader sequence to detect SARS-CoV-2
subgenomic RNA and probes. Results were expressed as viral RNA copies per milliliter.

2.5. Immunofluorescence Microscopy

Infected cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-
100, and blocked with Blocking One (03953-66, Nacalai, Kyoto, Japan). Primary antibodies
against SARS-CoV-2 nucleocapsid protein (40143-R019, Sino Biological, Beijing, China)
were used at a 1:1000 dilution overnight at 4 ◦C, followed by Alexa Fluor 488-conjugated
secondary antibodies (A11034, Thermo Fisher Scientific, Waltham, MA, USA). Images were
captured using fluorescence microscopy, Keyence BIOZERO (Keyence, Osaka, Japan).

2.6. Plaque Assay and Plaque Size Quantification

Virus populations were serially diluted and inoculated onto confluent VeroE6/TMPRSS2
cell monolayers in 12-well plates. After 1-h adsorption at 37 ◦C with gentle tilting every
15 min, cells were overlaid with DMED containing 1.25% carboxymethyl cellulose and 2.5%
FBS. Plates were incubated for 72 h at 37 ◦C with 5% CO2, then fixed and stained with 20%
methanol containing 0.05% crystal violet.
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Plaque sizes were quantified from crystal violet-stained images captured using the
KEYENCE microscope system. Six images per sample were captured and analyzed using
CellProfiler software (version 4.2.8). Plaques located at image edges and overlapping
plaques that could not be clearly separated were excluded from analysis. Plaque sizes were
measured in pixels and exported for statistical analysis.

2.7. Next-Generation Sequencing (NGS)

Viral RNA was extracted from passage supernatants using MagMAX Viral/Pathogen
Nucleic Acid Isolation Kit (A48310, Thermo Fisher Scientific, Waltham, MA, USA). Com-
plementary DNA synthesis and amplification were performed using SARS-CoV-2-specific
primers covering nucleotide positions 55-29836 of the genome. Library preparation was
performed using the QIAseq FX DNA Library UDI kit (180475, Qiagen, Hilden, Germany)
according to the manufacturer’s protocol.

2.8. Variants Calling and Quality Control

Sequence variants were called against the SARS-CoV-2 genome MN908947 (WK-521)
using CLC Genomics Workbench 23 (Qiagen, Hilden, Germany) with stringent quality
control parameters adapted from established diagnostic NGS guidelines [25]. The following
thresholds were applied: a minimum coverage of 50×, a minimum read count of 10, and
a minimum variant frequency of 10%. These parameters were selected to ensure reliable
variant detection while minimizing sequencing artifacts in this experimental setting.

2.9. Statistical Analysis

This study represents a single experimental run (n = 1) designed as a proof-of-concept
investigation. Viral RNA quantification represents technical replicates from the same
passage supernatant. Given the exploratory nature of this study, descriptive statistics were
employed for most analyses. For plaque size quantification, statistical significance was
determined using the Wilcoxon rank sum test. All statistical analyses were performed
using R software (version 4.5.1) via RStudio IDE version 2025.09.0, and p-values < 0.05
were considered statistically significant.

2.10. Data Availability

Next-generation sequencing data have been deposited in the NCBI Sequence Read
Archive under BioProject accession number PRJNA1392097.

3. Results
3.1. Enhanced Genetic Diversity Through Mutagenic Pre-Treatment

To investigate SARS-CoV-2 population dynamics under molnupiravir selection pres-
sure, we employed a novel mutagenic pre-treatment approach to generate genetically
diverse quasi-species populations before drug selection (Figure 1). Based on cytotoxicity
assays, we selected non-cytotoxic concentrations of mutagens that could effectively in-
troduce mutations without compromising cell viability: 5-FU at 100 µM, and favipiravir
at 500 µM and 1000 µM. SARS-CoV-2 strain WK-521 was treated with these mutagens
for 48 h in VeroE6/TMPRSS2 cells, followed by one passage to amplify the pre-treated
populations. NGS analysis confirmed modest initial genetic diversification, with 2–3 nu-
cleotide substitutions detected in each pre-treated population compared to the parental
strain (Supplementary Table S1). These genetically diversified quasi-species populations
(SARS-CoV-2_Fv1000, SARS-CoV-2_Fv500, and SARS-CoV-2_5-FU) were subsequently
subjected to stepwise increasing molnupiravir concentrations (10 → 25 → 40 µM) over ten
serial passages (Figure 1).
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Figure 1. Experimental design for SARS-CoV-2 molnupiravir apparent resistance study. SARS-
CoV-2 WK-521 was initially subjected to mutagenesis using favipiravir or 5-fluorouracil (5-FU)
to generate three distinct quasi-species populations with enhanced genetic diversity. These pre-
treated populations were then subjected to serial passage under gradually increasing molnupiravir
concentrations: 10 µM during initial passage (P1–P2), 25 µM during intermediate passages (P3–P4),
and 40 µM during final passage (P5–P10). Viral populations were maintained in T75 flasks containing
DMEM with 5% FBS and appropriate drug concentrations. Passages were performed when cytopathic
effects (CPE) were observed, with supernatants collected for subsequent analysis. Control passage
groups without molnupiravir were generated simultaneously to assess baseline mutational patterns.
Comprehensive characterisations were performed using quantitative real-time RT-PCR (qRT-PCR)
for viral titer determination, next-generation sequencing (NGS) for mutational analysis, and plaque
assays for viral viability assessment. Control experiments utilized equivalent DMSO volumes as
vehicle controls. SARS-CoV-2Fv1000: favipiravir 1000 µM pre-treated population; SARS-C-V-2Fv500:
favipiravir 500 µM pre-treated population; SARS-CoV-25-FU: 5-fluorouracil 100 µM pre-treated
population. Created in BioRender. Tomita, Y. (2026) https://BioRender.com/2cfxfel (accessed on
7 January 2026).

3.2. Differential Viral Persistence Under Molnupiravir Selection

Pre-treated viral populations were subjected to stepwise increasing of molnupiravir
concentrations (10 → 25 → 40 µM) over serial passage to evaluate population dynamics
under drug selection pressure. qRT-PCR analysis revealed distinct survival patterns among
the three pre-treated populations (Figure 2). Note that qRT-PCR quantifies detectable viral
RNA rather than necessarily viable viruses. Additionally, our analysis focused on the virus
released into supernatant rather than cell-associated virus, which might exhibit different
mutational patterns or fitness characteristics.

The Fv1000 group (1000 µM favipiravir pre-treatment) maintained detectable viral
RNA throughout all ten passages, with log10 RNA copy numbers ranging from 5.1 to
7.1, demonstrating sustained viral RNA persistence even under the highest molnupiravir
concentration (40 µM). In contrast, both Fv500 (500 µM favipiravir pre-treatment) and 5-FU
(100 µM 5-FU pre-treatment) groups showed comparable patterns, with detectable viral
RNA levels through passage 4 (6.7 and 6.8 log10 RNA copy numbers, respectively) but
became consistently undetectable from passage 6 onward.

The transition from 25 µM to 40 µM molnupiravir concentration appeared to represent
a critical threshold, as only the Fv1000 population could maintain detectable levels beyond
this point. All three groups showed similar RNA copy number during the initial passages
(P1-P4, approximately 5.5–7.1 log10 RNA copy numbers), indicating that the differential
persistence was specifically related to the higher molnupiravir concentration rather than
general replication capacity differences.
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Figure 2. Viral Survival Under Molnupiravir Pressure. SARS-CoV-2 quasi-species populations pre-
treated with favipiravir (1000 µM or 500 µM) or 5-fluorouracil (100 µM) were subjected to serial
passage under gradually increasing molnupiravir concentrations as described in Figure 1. Viral
RNA copy numbers in passage supernatants were quantified by quantitative real-time RT-PCR
(qRT-PCR) targeting the envelope gene. Data represents standard deviation from technical triplicates
of each passage supernatant. SARS-CoV-2Fv1000: favipiravir 1000 µM pre-treated population; SARS-
C-V-2Fv500: favipiravir 500 µM pre-treated population; SARS-CoV-25-FU: 5-fluorouracil 100 µM
pre-treated population.

3.3. Morphological Characteristics of Molnupiravir-Selected Viral Populations

To characterize the phenotypic properties of viral populations that persisted under
molnupiravir selection pressure, we performed plaque formation assays and immunofluo-
rescence analysis using VeroE6/TMPRSS2 cells.

Crystal violet staining revealed morphological differences between the molnupiravir-
selected Fv1000_P10 population and the parental WK-521 strain (Figure 3A).

The Fv1000_P10 population produced notably smaller and irregularly shaped plaques
compared to the large, well-defined circular plaques of the parental virus. The control
passage maintained plaque morphology similar to the parental strain, indicating that the
changes were associated with molnupiravir selection pressure.

Immunofluorescence analysis confirmed the presence of SARS-CoV-2 N protein in
cells infected with the molnupiravir-selected population (Figure 3B), validating that these
small plaques represented genuine viral replication. Quantitative analysis revealed a signif-
icant reduction in plaque areas for Fv1000_P10 (median: 3041 pixels2, mean: 3170 pixels2)
compared to WK-521 (median: 15,790 pixels2, mean: 17,281 pixels2) (p < 0.001, Wilcoxon
rank sum test) (Figure 3C).

Attempts to isolate individual viable viruses from the molnupiravir-selected popula-
tion revealed delayed cytopathic effects appearing on day 3. qRT-PCR analysis showed
Ct values above 30, indicating low viral RNA levels. Prolonged cultivation and plaque
isolation attempts using limiting dilution methods were unsuccessful, as viral yields did
not improve even after extended incubation periods. These findings indicate that the
viral populations exhibited severely compromised replication capacity despite apparent
persistence under molnupiravir selection pressure.
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Figure 3. Morphological characteristics of SARS-CoV-2 populations under molnupiravir selection
pressure. (A) Crystal violet staining showing plaque morphology at passage 10. Serial dilutions (1:10)
of virus populations were used for plaque formation assays on VeroE6/TMPRSS2 cells. WK-521:
parental strain; Fv1000_P0: virus population pre-treated with 1000 µM favipiravir before molnupi-
ravir selection; control passage_P10: control passage without molnupiravir treatment; Fv1000_P10:
virus population after 10 passages under molnupiravir selection pressure. (B) Immunofluorescence
detection of SARS-CoV-2 nucleocapsid (N) protein in infected VeroE6/TMPRSS2 cells. Left panels
show brightfield (BF) images; right panels show SARS-CoV-2 N protein staining (green fluorescence).
(C) Quantitative analysis of plaque areas. Individual plaque areas were measured from crystal
violet-stained plates. WK-521 (n = 239): parental strain plaques; Fv1000_P10 (n = 379): plaques
from molnupiravir-selected population. Box plots show median, quartiles, and range. Statistical
significance was determined by the Wilcoxon rank sum test (p < 0.001).

3.4. Extensive Mutation Accumulation Under Molnupiravir Pressure

To characterize the genetic changes occurring during molnupiravir selection, we
performed a comprehensive NGS analysis of viral populations at each passage stage.
Progressive mutation accumulation was observed throughout the selection process, with
the Fv1000 population showing the most extensive genetic changes due to its prolonged
survival under high drug concentrations (Table 1).

Table 1. Progressive mutation accumulation during serial passages with escalating molnupiravir
concentrations. SARS-CoV-2 variants pretreated with mutagenic agents (Fv1000: favipiravir 1000 µM,
Fv500: favipiravir 500 µM, FU: 5-FU 100 µM) were serially passaged under increasing molnupiravir
concentrations. Numbers indicate synonymous (upper) and non-synonymous (lower) mutations
detected at each passage (P2–P10). Control (P10) represents the same SARS-CoV-2 variants pretreated
with mutagenic agents (Fv1000, Fv500, 5-FU) but passaged without molnupiravir. Total mutations
are shown at the bottom of each column.

Fv1000 Fv500 5-FU Control (P10)

P2 P4 P6 P8 P10 P2 P4 P2 P4 Fv1000 Fv500 5FU

Synonymous * 5 66 55 97 89 4 36 4 53 10 17 10
Nonsynonymous 9 58 39 67 61 5 24 7 53 28 31 19

Total 14 124 94 164 150 9 60 11 106 38 48 29

Abbreviations: Fv1000/Fv500, 1000 µM or 500 µM favipiravir pre-treatment. 5-FU, 100 µM 5-FU pre-treatment.
Control (P10), passage without molnupiravir.* Involve mutations identified in UTRs and intergenic regions.
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The total number of mutations detected in the Fv1000 population increased dramati-
cally from 14 mutations at passage 2 to 150 mutations by passage 10, representing more
than a 10-fold increase in mutational burden. Both synonymous and non-synonymous
mutations accumulated progressively, with non-synonymous changes comprising approxi-
mately 40% of total mutations across all passages. In comparison, control passages without
molnupiravir pressure showed substantially lower mutation frequencies (38 total muta-
tions at passage 10), confirming that the observed hypermutation was directly attributed to
molnupiravir selection pressure rather than standard replication errors.

Analysis of nucleotide substitution patterns revealed a characteristic mutagenic signa-
ture of molnupiravir that changed with increasing drug concentration (Table 2).

Table 2. Top 5 nucleotide substitution patterns across molnupiravir concentration and control
passage. Distribution of the most frequent base substitutions detected in SARS-CoV-2 under different
molnupiravir selective pressures (M10: 10 µM; M25: 25 µM; M40: 40 µM) and control passage.
Numbers in parentheses indicate total mutations detected.

Rank M10 (n = 61) M25 (n = 359) M40 (n = 845) Control (n = 115)

1 C → T: 32 (52.5%) C → T: 112 (31.2%) A → G: 250 (29.6%) C → T: 44 (38.3%)
2 G → T: 12 (19.7%) A → G: 92 (25.6%) T → C: 246 (29.1%) A → G: 20 (17.4%)
3 T → C: 9 (14.8%) T → C: 90 (25.1%) C → T: 220(26.0%) G → A: 19 (16.5%)
4 T → G: 4 (6.6%) G → A: 48 (13.4%) G → A: 120 (14.2%) T → C: 16 (14.0%)
5 A → G: 2 (3.3%) G → T: 10 (2.8%) G → T: 6 (0.7%) G → T: 7 (6.1%)
5 G → A: 2 (3.3%) - - -

At the lowest concentration (10 µM: M10 in Table 2), C −→ T transitions predominated
(52.5%), consistent with molnupiravir’s known mechanism of cytidine analog incorpo-
ration [26]. However, as molnupiravir increased to 25 µM to 40 µM (M25 and M40 in
Table 2, respectively), the substitution spectrum broadened significantly, with A −→ G
and T −→ C transitions becoming equally prominent (approximately 29% each at 40 µM).
This shift toward more diverse substitution patterns suggests progressive disruption of
replication fidelity under escalating drug pressure. Notably, the control passage maintained
a more balanced substitution profile dominated by C −→ T and A −→ G changes typical of
natural replication errors [27], further supporting the drug-specific nature of the observed
hypermutation phenotype.

3.5. Distribution of High-Frequency Mutations in Viral Proteins Under Molnupiravir Selection

Analysis of amino acid mutations reaching ≥90% frequency by passage 10 revealed
the distribution of extensive mutagenesis in multiple viral proteins (Table 3).

Under escalating molnupiravir concentrations, 38 amino acid substitutions be-
came dominant within the viral populations, distributed across both non-structural and
structural proteins.

The temporal emergence of these mutations showed a distinct pattern, with most
appearing during the transition from 25 µM to 40 µM molnupiravir (passage 4–5). Many
mutations that were undetectable at passage 4 suddenly appeared at a frequency of 20–30%
at passage 5, then rapidly increased to dominance (>95%) by passages 6–8.

Notably, mutations were observed in critical replication machinery proteins, includ-
ing the RNA-dependent RNA polymerase (nsp12) with two substitutions (Tyr458Cys,
His882Arg), and the 3′-5′ exoribonuclease nsp14 responsible for proofreading activity
(Ala79Val and Val182Ile). The occurrence of mutations in these essential enzymes suggests
that even proteins central to viral replication fidelity were not protected from molnupiravir-
induced mutagenesis. Importantly, these mutations likely represent random events during
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fitness collapse rather than adaptive changes, as evidenced by the inability to isolate viable
resistant variants.

Table 3. Summary of amino acid substitution with frequency ≥90% in SARS-CoV-2 following
10 passages under molnupiravir selection pressure. Only mutations detected in molnupiravir-treated
cultures with frequency ≥90% at P10 are included. Mutations also present in control cultures were
excluded. Molnupiravir concentrations: P1–P2 (10 µM), P3–P4 (25 µM), P5–P10 (40 µM). Numbers in
parentheses indicate mutation counts for each protein. Complete mutation list with frequencies is
provided in Supplementary Table S2.

Protein Category Number of
Mutations Detected Mutations Emergence Pattern

Replication Machinery
(nsp12, nsp14) 4 nsp12 (2; Tyr458Cys, His882Arg)

nsp14 (2; Ala79Val, Val182Ile)
Emerged at P4–P5, fixed by

P6–P10

Protease (nsp3, nsp5) 10 nsp3 (8; Glu545Gly, etc.)
nsp5 (2; Met162Val, etc.) Concentrated emergence at P4–P5

Structural Proteins (S, N, E, M) 14 S (8; Gln218Arg, etc.), N (3), E (2), M (1) Gradual emergence from P4–P10
Other Non-structural Proteins (nsp2,

nsp4, nsp6, nsp15) 5 nsp2 (2), nsp15 (1), nsp4 (1), nsp6 (1) Emerged at P4–P10

Accessory Proteins
(ORF3a, 6, 7a, 8) 5 ORF3a (1), ORF6 (1), ORF7a (2), ORF8 (1) Initial emergence at P4–P5

Total 38

The highest number of mutations was observed in nsp3 (8 mutations) and the spike
protein (8 mutations), while other proteins showed more limited mutational accumulation.
These distribution patterns indicate that molnupiravir’s mutagenic pressure affected viral
proteins regardless of their structural or non-structural viral proteins.

4. Discussion
Conventional approaches to investigating antiviral resistance rely on the emergence

of spontaneous mutations under drug selection pressure in genetically homogeneous
laboratory strains [28–30]. This methodology presents intrinsic limitations for studying
molnupiravir resistance. Unlike target-specific nucleoside analogs such as remdesivir,
which develop resistance through specific mutations in the viral RNA-dependent RNA
polymerase [31], molnupiravir operates through the non-specific mechanism of error
catastrophe [32].

To address these constraints, we employed a mutagenic pre-treatment strategy to
enhance genetic diversity prior to drug selection pressure (Figure 1). By pre-treating viral
populations with 5-FU and favipiravir, we aimed to generate quasi-species populations ap-
proximating natural viral genetic diversity [26]. This proof-of-concept investigation tested
whether enhanced initial genetic diversity could facilitate the emergence of molnupiravir-
tolerant populations under conditions where conventional approaches have consistently
failed to identify resistant variants [24]. Our results demonstrate that even under artifi-
cially enhanced genetic diversity conditions, the emergence of truly resistant SARS-CoV-2
populations remains challenging, supporting the robustness of molnupiravir’s barriers to
resistance development.

Our findings reveal a complex phenomenon that we term “apparent survival” rather
than true resistance (Figure 2). Only the high-concentration favipiravir pre-treated popu-
lation (Fv1000) maintained detectable viral RNA through ten passages under escalating
molnupiravir concentrations, while other groups became undetectable after passage 6.
The transition from 25 µM to 40 µM molnupiravir represents a threshold concentration,
suggesting a critical point in the error catastrophe mechanism [16,30].

The persisting Fv1000_P10 population exhibited severely compromised replication
capacity, forming extremely small plaques with significantly reduced areas compared
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to parental virus (median: 3041 vs 15,790 pixels2, p < 0.001) (Figure 3). Although im-
munofluorescence confirmed genuine viral replication, attempts to isolate individual viable
viruses were unsuccessful, and large-scale propagation could not be achieved. These
characteristics suggest a population existing at the edge of viability rather than displaying
conventional resistance.

This phenomenon aligns with error catastrophe theory, where heavily mutated viral
populations exist at the edge of viability, approaching but not surpassing the extinction
threshold [16,33]. The extensive mutation accumulation observed (150 mutations by pas-
sage 10 versus 38 in controls) (Table 1) indicates that molnupiravir successfully induced
hypermutation, yet some viral genomes retained minimal functionality. The inability to
isolate individual resistant viruses suggests that survival depended on population-level
complementation effects rather than individual genome fitness.

Our mutational analysis reveals a distinct dose-dependent evolution of mulnupi-
ravir’smutagenic signature (Table 2). At the lowest concentration (10 µM), the C-to-T
transition is predominant (52.5%), consistent with molnupiravir’s established mechanism
as a cytidine analog [10]. However, as concentrations increased, we observed a striking
shift in the mutational spectrum: at 25 µM, the C-to-T frequency decreased to 31.2%, while
A-to-G and T-to-C transitions increased substantially (25.6% and 25.1%, respectively). At
the highest concentration (40 µM), this pattern reversed entirely, with A-to-G (29.6%) and
T-to-C (29.1%) transitions becoming predominant over C-to-T (26.0%).

This concentration-dependent shift likely reflects the compound effects of multiple
replication cycles under sustained mutagenic pressure, amplified by SARS-CoV-2’s inherent
nucleotide composition bias. The SARS-CoV-2 genome is naturally enriched in adenine
and uracil residues, with our experimental strain (WK-521, MN908947) exhibiting a GC
content of only 38.0%. Initial rounds of replication generate C-to-T and G-to-A transitions
through molnupiravir’s primary mechanism, further shifting the already A/U-rich genome
toward even greater adenine thymine abundance. Subsequent replication cycles then
preferentially target these accumulated A and T nucleotides for conversion to G and C,
respectively, explaining the secondary surge in A-to-G and T-to-C transitions at higher
drug concentrations. This interpretation is supported by Strizki et al.’s serial passage
experiments, where prolonged exposure to NHC similarly generated high frequencies of
A-to-G and T-to-C transitions alongside the expected C-to-T and G-to-A changes [31].

Notably, mutations accumulated even in critical replication machinery, including
RNA-dependent RNA polymerase (nsp12: Tyr458Cys, His882Arg) and the proofreading
exonuclease nsp14 (Ala79Val, Val182Ile) (Table 3). The viral RNA synthesis machinery con-
sists of the core polymerase complex (nsp7, nsp8, nsp12) and the proofreading exonuclease
nsp14. While no mutations were detected in nsp7 and nsp8, mutations were identified in
both nsp12 and nsp14. The nsp12 mutations Y458C and H882R have not been reported in
large-scale genomic analyses and are likely to represent novel variants. Y458C is predicted
to be located in the fingers subdomain and H882R in the thumb subdomain of the poly-
merase domain. The Y458C substitution may introduce novel disulfide bond formation due
to the tyrosine-to-cysteine change, while the H882R substitution may alter electrostatic inter-
actions through the histidine-to-arginine change, potentially affecting polymerase structure
and cofactor interactions. The occurrence of mutations in nsp14, which normally provides
error-correction function through its N-terminal DEDD motif exonuclease activity [34],
suggests that molnupiravir’s mutagenic pressure can overwhelm even the coronavirus
proofreading system. Notably, the identified nsp14 mutations (Ala79Val, Val182Ile) did
not occur within the critical DEDD exonuclease active site, similar to the nsp12 mutations,
which also avoided the polymerase active site. However, these mutations should be inter-
preted cautiously as they likely represent random mutational drift in a population under
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severe fitness constraints rather than functional resistance mechanisms, particularly given
that resistant virus isolation was not achieved in this study.

This proof-of-concept study has several important limitations. The experimental
design involved a single run (n = 1), which limited statistical power and generalizabil-
ity. Therefore, the specific mutational trajectories observed should be interpreted as a
plausible mechanistic scenario rather than reproducible patterns, though the overall phe-
nomenon of apparent survival under severe fitness constraints appears consistent with
error catastrophe theory.

Our mutagenic pre-treatment achieved only modest detectable genetic diversifica-
tion (2–3 initial mutations; Supplementary Table S1), which may reflect both sequencing
coverage limitations and insufficient mutagenic pressure to fully test the hypothesis. The
molnupiravir concentrations employed, particularly the final 40 µM, exceed clinically rele-
vant plasma concentrations (~18 µM) but remain below intracellular active metabolite con-
centrations (~117 µM), thereby moderating concerns about translational significance [24].
Additionally, our focus on a single viral strain (WK-521) represents a limitation, as different
SARS-CoV-2 variants might respond differently to similar experimental conditions [34].

Despite these limitations, our findings contribute to understanding molnupiravir’s
resistance barrier. The consistent failure to generate truly resistant variants, even under
artificially enhanced genetic diversity, suggests that molnupiravir possesses robust intrin-
sic barriers to the development of resistance. Future research directions should include
larger-scale validation studies, investigation of different viral strains, and examination of
resistance emergence under clinically relevant drug concentrations.

5. Conclusions
This study demonstrates that even under conditions of enhanced genetic diversity,

SARS-CoV-2 populations fail to develop true resistance to molnupiravir, instead exhibit-
ing apparent survival characterized by severely compromised viral fitness. While our
experimental approach successfully generated persistent viral populations under extreme
selective pressure, these populations represented functionally impaired survivors rather
than fit resistant variants. These findings support the robust barrier that molnupiravir
presents against the development of resistance, reinforcing its potential for sustained
clinical efficacy.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v18020273/s1, Table S1: Initial mutation profile in mutagen
pre-treated SARS-CoV-2 populations; Table S2: Complete list of amino acid substitutions in SARS-
CoV-2 following 10 passages under molnupiravir selection pressure, including all mutations with
frequencies < 90%.
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